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Preface

Weld integrity is a key facet in the performance of many structural components and an
important factor in the continued development of new:structural alloys with improved
strength and toughness.

WeldIntegrityandPerformance provides a selection of adapted articles from various ASM
International publications in the general topic area of weld integrity and structural
performance. Contents were selected for concise coverage on weld solidification and
weldability, weld imperfections and cracking, weld failure analysis and prevention,
and the general engineering properties of weldments. It is hoped that this collection
provides a convenient reference and source book for design engineers, manufacturing
engineers, students, and practitioners who are involved in the application, develop
ment, or assessment of welded structures.

Contents were adapted from several publications including:

• "Principles of Joining Metallurgy," J. Devletian and W. Wood, Metals Handbook,
Volume 5,1983, P 22-49

• "Principles of Weld Solidification and Microstructures," S. David and J. Vitek,
International Trends in Welding Science andTechnology, 1993, p 147-157

• "Weldability Testing," R. Campbell, ASM Handbook, Volume 6, 1993
• "Characterization of Welds," C. Dallam and B. Damkrogor, ASM Handbook, Vol

ume 6, 1993
• "Cracking Phenomena Associated with Welding," M. Cieslak, ASM Handbook,

Volume 6, 1993
• "Fatigue and Fracture Control of Welds," T.[utla, ASMHandbook, Volume 19, 1996
• "Factors Influencing Weldment Fatigue," F. Lawrence, S. Dimitrakis and W.

Munse, ASM Handbook, Volume 19, 1996
• "Aluminum Weldability and Hot Tearing Theory," C. Cross, W. Tack, L. Loechel,

and L. Kramer, WeldJlbility ofMaterials, 1990
• "Fatigue Strength of Aluminum Alloy Welds," J. Crompton, ASM Handbook,

Volume 19, 1996
• "Advances in the Arc Welding of Titanium Alloys," J. Hartman and W. Baeslack

III, Weldability ofMaterials, 1990
• "Fundamentals of Fracture Mechanics: Problems and Progress for Weldments," J.

Landes, International Trends in Welding Science andTechnologlJ, 1992
• "Failure Analysis of Weldments," ASM Handbook, Volume 11, Failure Analysisand

Prevention, 1986
• ASM Handbook, Volume 17, Nondestructive Testing andEvaluation, 1989
• ASM Specialty Handbook, Carbon andAlloy Steels, 1996
• ASM Specialty Handbook, Stainless Steels, 1994
• ASM Specialty Handbook, Aluminum andAluminum Alloys,1993

These contents form the basis of this book and are collected together into this volume.

S.Lampman
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Chapter 1

Weld Solidification*

JOINING METALLURGY has assumed an
even greater role in the fabrication of metals
within the last few decades, largelybecause of the
development of new alloys with tremendously
increased strength and toughness. Therefore, a
working knowledge of metallurgy is essential to
understanding current engineering structures
and, in particular, the mechanisms that control
weldment performance. Fundamental to joining
metallurgy are the microstructures of a weld
joint, which determine the mechanical proper
ties, and welding variables such as weld thermal
cycle, chemical reactions in the molten pool, al
loying, flux composition, and contaminants,
which significantly affect the weld and heat-af
fected zone (HAZ) microstructures.

Metallurgically, a fusion weld consists of three
major zones, namely the fusion zone, the un
melted heat affected zone (HAZ) adjacent to the
fusion zone, and the unaffected base metal as
shown in Fig. 1. In alloys, there also is a fourth
region surrounding the weld pool consisting of a
partially melted or liquated zone, where the peak
temperatures experienced by the weldment fall
between the liquidus and the solidus.

It is well established that solidification behav
ior in the fusion zone controls the size and shape
of grains, the extent of segregation, and the distri
bution of inclusions and defects such as porosity
and hot cracks. Since the properties and integrity
of the weld metal depend on the solidification
behavior and the resulting microstructural char
acteristics, understanding weld pool solidifica
tion behavior is essential.

In this article, a general introduction is pro
vided on key welding variables including solidi
fication, microstructure, and causes and reme
dies of common welding flaws.

Solidification Behavior

The integrity and performance of a weld is, to a
large extent, controlled by the solidification be
havior of the weld metal or fusion zone. It con
trols weld-metal microstructure, grain structure,
inclusion distribution, porosity, hot-cracking be
havior, and, ultimately, weld-metal properties.

Current knowledge of weld pool solidification
is an active area of research, as fundamental ad
vances in solidification mechanics for castings
and ingots have been applied to weldments (Ref
1-4). Fundamental solidification mechanics de
veloped primarily for cast metals have been suc
cessfully applied to the solidification of welds.
However, major differences do exist between
casting and welding including:

Dynamic nature of welding process
Unknown pool shape
Epitaxial growth
Variations in temperature gradient and
growth rates within the pool

In solidification mechanics, the important pa
rameters that influence microstructure are tem
perature gradient G, growth rate (R), undercool
ing (11T), and alloy composition (Co). In the weld
pool, G,R, and l1T vary considerably from region

"This Chapter has been adapted from "Principles of Joining Metallurgy" by Jack Devletian and William Wood in Met
alsHandbook, Volume 6, 1983,P 22-49 and "Principles of Weld Solidification and Microstructures" by S. David and J.
Vitek in International Trends in Welding Science andTechnology, ASM, 1993,P 147-157
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Fig. 1 Schematic diagram showing the three zones within a weldment
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Fig. 2 Schematic drawing of structural variation of weld microstructure across fusion zone

to region and process to process. Therefore, the
microstructure that develops in the weld metal
varies noticeably from region to region. Figure 2
shows schematically variations in weld-metal
microstructure influenced by temperature gradi
ent and growth rate.

Weld Grain Structure

The final weld-metal grain structure has con
siderable practical significance. It has been
shown that a coarse columnar structure is sus
ceptible to hot cracking, whereas a finer grain
structure, a distorted columnar structure, or an
equiaxed structure is more resistant to hot crack
ing. In addition, the fusion zone grain structure
has a strong influence on the mechanical proper
ties of the weld. To improve both the mechanical
behavior and the hot cracking resistance of weld
metal, efforts have concentrated on refining the
fusion zone grain structure. Several means are

available for refining the weld-metal grain struc
ture. Since grain growth is epitaxial in nature, the
size of the grains in the base metal controls the
final grain size to a limited extent.

The weld pool shape also influences the fusion
zone grain structure. For example, in an ellipti
cally or circularly shaped weld puddle, not only
does the magnitude of the maximum thermal
gradient change continuously from the fusion
line to the weld centerline but also the direction
of this gradient changes. Since the average
growth direction during solidification of a weld
pool is approximately normal to the solid/liquid
interface, which is also along the maximum tem
perature gradient, a given grain will not be favor
ably oriented during the entire solidification
process since the direction of this gradient
changes. Therefore, many of the grains at the
fusion line that are initially of unfavorable orien
tations may become more favorably orientated
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before they are completely eliminated and thus
they may survive and continue to grow towards
the centerline, resulting in a finer fusion zone
grain structure. Such observations are typical in
high energy beam welds or arc welds made at
low welding speeds. For a tear drop shaped pud
dle, there is almost an invariant direction of maxi
mum thermal gradient at all points on the pool
edge from the fusion boundary to the weld cen
terline. This will promote large columnar grain
growth as a result of the competitive grain selec
tion process since only a few grains survive and
grow uninterrupted toward the center. The result
is a coarse columnar fusion zone structure.

Figure 3 shows general growth conditions in
various solidification processes which all lead to
columnar growth where the liquid temperature
gradient G > O. In welding, temperature gradi
ents are typically of the order of 105 Kim and
growth velocities in the range of 10-3 to 10-1 mls.
With the introduction of laser welding tech
niques there is a trend to increase the welding
speed which also increases the temperature gra
dient. As will be shown later, this trend may lead
to problems in steelwelding if the same alloys are
used (Ref 4).

Weld-metal grain structure is predominantly
controlled by the base-metal grain structure and
the welding conditions. Initial growth occurs epi
taxially at the partially melted grains. Both
growth crystallography and thermal conditions
can strongly influence the development of grain
structure in the weld metal by favoring a strong
grain-growth selection process. Growth crystal
lography will influence grain growth by favoring
growth along the easy growth direction. For cu
bic metals, the easy growth directions are <100>.
The conditions are even more favorable when

one of the easy growth directions coincides with
the heat flow direction in welds.

Figure 4 shows both epitaxial growth and a
columnar grain structure in an iridium alloy
weld. The preferred grain selection process that
occurs during welding promotes a columnar
grain structure. The weld-metal grain structure
can be refined by making changes in the process
variables and the use of external devices such as
magnetic arc oscillator and vibrators. Although
not done in practice, inoculants maybe used as in
castings to refine the weld-metal grain structure.
Unlike in castings, the natural occurrence of a
columnar-to-equiaxed transition in the grain
structure of the weld is not very common. How
ever, depending on the alloy system, such a tran
sition has been observed and is described by
n.w, Kerr (Ref5).

An understanding of the development of grain
structure in the fusion zone of polycrystalline
welds is limited. This is because details of the
growth selection process and the three-dimen
sional pool shape are obscured by the multitude
of grains and crystal orientations that are present
in polycrystalline materials.

Epitaxial Growth. The outstanding difference
between the solidification of a casting and that of
a weld (aside from the relative size and cooling
rates) is the phenomenon of epitaxial growth in
welds. In castings, formation of solid crystals
from the melt requires heterogeneous nucleation
of solid particles, principally on the mold walls,
followed by grain growth.

For weld solidification, there is no nucleation
barrier, and solidification occurs spontaneously
by epitaxial growth. The nucleation event in
welds is eliminated during the initial stages of
solidification because of the mechanism of epi-
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Fig. 4 Epitaxial and columnar growth near fusion lin e in iridium alloy electron beam weld. Source: Ref 1

taxial growth wherein atoms from the molten
weld pool are rapidly deposited on preexisting
lattice sites in the adjacent solid base metal.

':'S a r.esult, the structure and crystallographic
orientation of the HAZ grains at the weld inter
face continue into the weld fusion zone. In fact,
the exact location of the weld interface is very
difficult to determine in any weld deposited on
pure metals using matching filler metal. Even
microstructural features, such as annealing twins
located in the HAZ weld joints, will continue to
grow epitaxially into the weld during solidifica
tion .

Epitaxial growth is always the case during
autogenous welding. For nonautogenous proc
esses in which a filler metal is used, epitaxial
growth may still occur. Nomnatching filler met
a.ls will also solidify epitaxially, particularly if the
filler metal and base metal have the same crystal
structure upon solidification, e.g., welding
Monel (fcc) with nickel (fcc) filler metal.

However, the more classical case of heteroge
neous nucleation also applies in this case. In
welds, growth of the solid progresses from the
unmelted grains in the base metal, and the stabil
ity of the solid/liquid interface is critical in deter
mining the microstructural characteristics of the
weld metal. The thermal conditions in the imme
diate vicinity of the interface determine whether
the growth occurs by planar, cellular, or dendritic
g~owth. Composition gradients and thermal gra
dients ahead of the interface are of primary im
portance. The effect of solute and thermal gradi
ents on the solidification front can be described
by .the concept of constitutional supercooling cri
tenon (Ref 6), which can be mathematically
stated as :

6.'[,
Gill? > D

L
O [orplane front solidification (Eq I)

or

6.'[,
GJR < D: for cellular or dendritic solidification

(Eq2)

where GL is the thermal gradient in the liquid at the
solidification front, 6.To is the equilibritun solidifi
cation range at the alloy composition (Co), DL is the
solute diffusion coefficient in liquid, and R is the
solidification front growth rate.

Equations 1 and 2 define the conditions for the
development of various solidification substruc
hires in welds. This concept of constitutional su
percooling is sufficient to understand the devel
opment of microstructures and the influence of
process parameters on these microstructures in
welds.

Weld Pool Shepe

The macroscopic shape of the weld is an impor
tant factor that influences not only weld integrity
but also grain size and the microstructure of the
fusion zone. Therefore, it is critical to understand
the dynamics of the weld pool development and
its geometry.

The weld-pool geometry is determined mainly
by the thermal conditions in and near the weld
pool and the nature of the fluid flow.

In general, the weld pool volume is controlled
to a large extent by the welding parameters. The
volume is directly proportional to the arc current
(heat input) and inversely proportional to the
welding speed. In addition, the speed of the mov
ing heat source has an influence on the overall
bead shape. For arc welding processes, the pud
dle shape changes from elliptical to tear drop
shaped as the welding speed increases. Corre
spondingly, the isotherms also change in shape.
For high energy density processes such as elec-
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tron beam or laser welding, the thermal gradients
are steeper and as a result the puddles are circu
lar at lower speeds, becoming more elongated
and elliptical in shape as the welding speed in
creases before eventually becoming tear drop
shaped at high speeds.

For example, if a single-phase metal is gas
tungsten arc welded at a low velocity, the weld
pool is elliptical (nearly circular), as shown in Fig.
5(a).The columnar grains grow in the direction of
the thermal gradient produced by the moving
heat source (arc). The grains grow epitaxially
from the base metal toward the arc. Because the
direction of maximum temperature gradient is
constantly changing from approximately 900 to
the weld interface at position A to nearly parallel
to the weld axis at position B, the grains must
grow from position A and continuously turn to
ward the position of the moving arc. The process
of "competitive growth" provides a means
whereby grains less favorably oriented for
growth are pinched off or crowded out by grains

better oriented for continued growth. The <001>
and <0010> are the generally favored directions
for crystal growth in cubic (fccand bcc) and hex
agonal (hcp) metals, respectively. In fcc metals,
for example, the <001> most favored direction
leads each solidifying grain because the four
close-packed {Ill} planes symmetrically located
around the <001> axes require the greatest time
to solidify and, therefore, serve both to drag and
guide the growth of solidifying grains.

The shape of the weld pool tends to become
more elongated with increasing welding speed.
In Fig. 5(b), the direction of maximum tempera
ture gradient is perpendicular to the weld inter
face at positions A and B, but because the weld
pool is trailing a greater distance behind the arc,
the temperature gradient at position B is no
longer strongly directed toward the electrode.
Therefore, the columnar grains do not turn as
much as in the case of a nearly circular weld pool.

Finally, the weld takes on a teardrop shape at
the fast welding speeds that are usually encoun-
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occurring ahead of the solid/liquid interface. (d) Constitutional supercooling develops when the actual temperature of liquid in

the copper-rich zone is greater than the liquidus temperature.

tered in commercial welding practice. The weld
pool is elongated so far behind the welding arc
that the directions of the maximum temperature
gradient at position A and B in Fig. 5(c) have
changed only slightly. As a result, the grains
grow from the base metal and converge abruptly
at the centerline of the weld with little change in
direction. Welds that solidify in a teardrop shape
have the poorest resistance to centerline hot
cracking because low-melting impurities and
other low-melting constituents tend to segregate
at the centerline. Unfortunately, this solidifica
tion geometry occurs most frequently in com
mercial welding applications, because high heat
input and fast travel speeds produce the most
cost-effective method of welding.

Quantitative Modeling. Computational mod
eling is a powerful tool for understanding the
development of weld-pool geometry. In recent
years, significant advances have been made to
model and understand the development of pool
shape in welds (Ref 7-10). Some of these models
can address coupled conduction and convection
heat-transfer problems to predict weld-pool ge
ometry and weld penetration. Of the various
modes of heat transfer, convection plays a critical
role in determining the weld penetration. Con-

vection in the weld pool is driven mainly by
buoyancy, electromagnetic, and surface tension
forces. Significant work has concentrated on the
convective heat transfer and, in particular, the
effect of the spatial variation of surface tension
(surface tension gradient) on fluid flow and weld
penetration (Ref 11-14).

A fundamental limitation to a realistic predic
tion of the weld-pool shape is the lack of neces
sary thermophysical data. Unless a comprehen
sive data base on thermophysical properties and
mechanical behavior of solids at very high tem
peratures (including the mushy zone) during so
lidification is established, use of computational
models for a realistic prediction of microstruc
ture, defects, and stresses will be stifled. In addi
tion, verification of the models using critical ex
periments is essential.

Solute Segregation

Solute redistribution during weld-pool solidifi
cation is an important phenomenon that can sig
nificantly affect weldability and, in particular,
hot-cracking behavior, weld microstructure, and
properties. As alloys solidify, extensive solute
redistribution occurs, resulting in segregation of
the alloying elements that constitute the alloy.
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The equilibrium partition ratio, K, which is an
index of the segregation potential of an alloy:

where C~ is the solid composition, Cois the initial
alloy composition, Fs is the volume fraction solid,
and k is the equilibrium partition coefficient.

where C~ is the solute content of the solid at the
solid-liquid interface and ct is the solute content of
the liquid at the solid-liquid interface;

These values represent the short transients at
the start and finish of solidification of a cell or
cellular dendrite. As the cell or dendrite grows in
the weld, a dynamic equilibrium is achieved be
tween the newly forming solid of composition, Co
= 3% Cu, and the copper-rich liquid containing a
maximum of ColK 17.6% Cu, at the solid/liquid
interface as shown in Fig. 6(b) and (c).If the actual
temperature distribution ahead of the solid/liq
uid interface is less than the liquidus tempera
ture, constitutional supercooling occurs (Fig. 6d).
Supercooling means that the solute-enriched liq
uid ahead of the solid-liquid interface has been
cooled below its equilibrium freezing tempera
ture, and constitutional indicates that the super
cooling originated from an enrichment in compo
sition rather than temperature.

Microsegregationresults when the copper-rich
liquid at the solid/liquid interface solidifies be
tween the cellular dendrites. The interdendritic
regions are so segregated with copper (solute)
that a small amount of eutectic (0'.8)is frequently
observed. Eutectic structures can only occur
when the composition of solidifying metal ex
ceeds the maximum solid solubility.

Effect of Temperature Gradient. Whether or
not a planar, cellular, or dendritic substructure
occurs upon solidification is largely determined
by G and R (Fig. 7) which control the amount of
constitutional supercooling. If a weld is depos
ited at a constant travel speed, R becomes fixed.
By inducing an extremely steep temperature gra
dient Gl (Fig. 8a), no constitutional supercooling
occurs and the solidified weld-metal grain struc
ture is planar.

When the gradient is decreased slightly to G2
(Fig. 8b), any protuberance of solid metal on the
interface will grow faster than the remaining flat

This equation was modified by Brody and
Flemings (Ref 16)by allowing for diffusion in the
solid during solidification. Kurz and Clyne (Ref
17) have further refined Brody and Fleming's
model to account for extensive solid diffusion.
These models can be easily adapted to analyze
microsegregation in welds.

Example: Solute Redistribution in the Den
drites of a 3%Cu-97%AI Composition. Consider
an alloy of composition Coequal to 3%Cu-97%AI
in Fig. 6(a) so that per Eq 3:

K = G/ct = 1.7%/10% = 0.17

The first metal to solidify will contain only:

CoK= (3) 0.17 = 0.51% Cu

while the last liquid to solidify between cells or
cellular dendrites is rich in copper:

ColK = 3/0.17 = 17.6% Cu

(Eq4)

(Eq3)K= C;/Ci.

Considering the solute redistribution in the in
terdendritic regions, also known as the mushy
zone, it may be adequate to apply the solidifica
tion models for microsegregation originally for
mulated for castings. The solute profile in the
solid is given by the Scheil equation (Ref 15):

The alloy composition itself, Co
The temperature gradient, G, in the liquid at
the weld interface, and
The growth rate, R, or velocity of the interface

Segregation on a small scale (few microns) is
referred to as microsegregation, and large-scale
segregation (hundreds of microns) is known as
macrosegregation.

Macrosegregation can occur in welds, but it is
not very common. In welds, it is primarily due to
a sudden change in the welding parameters and
the resultant change in growth velocity. A com
mon manifestation of macrosegregation in welds
is banding. Another form of macrosegregation in
welds is the formation of a solute-enriched region
along the centerline of the weld, which could
promote the formation of centerline hot-crack
ing. However, evidence or proof of this phe
nomenon is lacking or not entirely clear.

Microsegregation is characterized by a compo
sitional difference between the cores and periph
eries of individual cells and cellular dendrites.
Cells are microscopic pencil-shaped protrusions
of solid metal that freeze ahead of the solid-liquid
interface in the weld. Cellular dendrites are more
developed than cells and appear to have a "tree
like" shape; the main stalk is called the "primary
dendrite arm," and the orthogonal branches are
called the "secondary dendrite arms." The cores
of the cells and dendrite arms have a higher soli
dus temperature and contain less solute than the
intercellular and interdendritic regions. In actual
welding practice, cellular or dendritic mi
crosegregation is virtually impossible to avoid
unless the metal being welded is a pure element.

Generally, the important parameters control
ling the cellular or cellular dendritic substruc
tures in welds are:
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tered in welds. In practice, cellular and cellular
dendritic substructures are most frequently ob
served in welds. The difference between the cel
lular dendritic and columnar dendritic structures
is related to the length of the constitutionally
supercooled zone ahead of the solid-liquid inter
face. This zone is typically much smaller for cel
lular dendritic than for columnar dendritic solidi
fication. Therefore, each grain will contain many
cellular dendrites, whereas only one columnar
dendrite occupies one grain. Unfortunately, it is
very difficult to control G and R independently in
welding practice. As a general rule, a fast weld
ing speed (R) will produce a steep G.The relative
values of Gand R, however, determine the solidi
fication morphology for a given alloy of fixed Co
andK.

Solidification Rate. While G/R controls the
mode of solidification, the weld cooling rate, in
terms of the parameter GR (solidification rate in
units of OF{s), determines both the size and spac
ing of cells and dendrites. Flemings and others
have demonstrated that the effect of solidifica
tion rate on the dendrite arm spacing (d) is:

interface because the solid is growing into super
cooled liquid; that is, the solid protuberance ex
ists at a temperature below that of the liquidus
for that alloy. As a result, a cellular substructure
develops in each epitaxially grown grain. The
liquid ahead and alongside each cell contains
greater solute content than the cell core.

If the value of the temperature gradient is de
creased further to G3 (Fig. Bc), constitutional su
percooling becomes so extensive that secondary
arms form and cellular dendritic growth is ob
served. The greatest degree of microsegregation
occurs during columnar dendritic solidification,
while no measurable segregation is encountered
in planar growth. Whether planar, cellular, or
cellular dendritic, growth is always anisotropic.

Investigators have found that these solidifica
tion substructures can be characterized by the
combined parameter G/R. Figure 9 shows that a
large value of G/R combined with a very dilute
alloy will result in a planar solidification struc
ture, while a low G/R and high solute concentra
tion will produce a heavily segregated columnar
dendritic structure. Both columnar dendritic and
equiaxed dendritic structures, although com
mon in large castings, are not frequently encoun- d = a(GRrn (Eq5)
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where a is a constant and n is approximately lf2 for
primary arms and between 1J:l and lf2 for secon
dary dendrite arms. The dendrite arm spacing of
stainless steel in an electroslag weld is often several
hundred times greater than that found in a rapidly
cooled laser weld.

Solute Banding. The phenomenon of solute
banding occurs to some degree in all alloy welds.
The formation of ripples on the weld surface and
solute banding within the weld are both caused
by the discontinuous nature of weld-metal solidi
fication and occurs in manual as well as in auto
matic welds where the travel speed is mechani
cally constant. During weld-metal solidification,
however, R fluctuates cyclically above and below
a mean value of growth rate that is determined by
the weld travel speed. Fluctuations in R result in
not only ripple formation, but also solute band
ing. Because an abrupt increase in R causes a
reduction in the amount of solute that can be held
in the solute-enriched liquid (Fig. 15c), excess
solute is dumped and appears as a solute-rich
band. Similarly, a sudden decrease in R produces
a solute-poor band. Solute banding lines are very
helpful in welding research because they always
outline the weld-pool shape at a given instant
during solidification. For example, the form fac
tor (ratio of width to depth of weld pool), which
is so important in electroslag welding (ESW),can
be easily measured metallographically using sol
ute band lines.

Equiaxed
dendritic

Planar

Solidification parameter, Gh/fi

Fig. 9 Dependence of mode of solidification on GIR parameter
for different solute concentrations (Co)

Microstructure of the Weld and
Heat-Affected Zone

Through the process of epitaxial growth, the
initial columnar grain width of the fusion zone is
determined by the size of the base-metal grains
adjacent to the weld interface. Because the peak
HAZ temperature increases with decreasing dis
tance from the weld interface and grain growth is
a function of temperature, the maximum grain
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size in the HAZ always occurs along the weld
interface. It is this maximum grain size that is
transmitted into the weld fusion zone.

Grain Size. The relationship used to calculate
the grain size in the HAZ is:

where D is final grain diameter; Dois the original
grain diameter; eis the naturalbase for logarithms;
Tp is the peak temperature, which would be the
solidus temperature at the fusion line; t' is the time
at temperature; Q is the activation energy for grain
growth of the alloy; R is the universal gas constant;
and band n are constants determined by the mate
rials. Both temperature and time at temperature
produce grain growth in the HAZ, and as stated
previously, the maximum grain size always occurs
immediately adjacent to the weld interface. Be
cause all welds experience the same spectrum of
peak temperature from To to the solidus tempera
ture, the only significant variable in Eq 6 is the
residence time, t'. As the cooling rate decreases,
residence time increases, substantially coarsening
the maximum HAZ grain size.

The process of competitive grain growth may
cause further lateral growth of the weld-metal
grain size. Columnar grains emanating from the
HAZ continue to widen as they grow into the
weld fusion zone.

The maximum columnar grain width in the
weld metal is limited only by the physical size of
the weld bead and the arc energy input. For ex
ample, it is virtually impossible for a gas tungsten
arc weld deposited on a coarse-grained copper
casting to exhibit any distinguishable HAZ be
cause the residence time is insufficient to cause
noticeable grain growth; for example, D in Eq 6 is
insignificantly greater than Do. Furthermore, be
ca~se t~e large base-metal grains that grow epi
taxially mto the weld must squeeze into a bead of
limited volume, lateral growth of the columnar
grains in the weld is not possible.

When cold-worked alloys are welded, the HAZ
experiences both recrystallization and grain
growth reactions. The hardness and strength
properties of the recrystallized HAZ lose the
benefits derived by cold working, and joint
strength approaches that of an annealed alloy.
Although weld-metal properties can always be
controlled by judicious alloying, HAZ properties
can only be controlled by regulating heat input or
by changing the base-metal composition.

In steels and other metals that undergo allo
tropic phase transformation, the HAZ is conven
iently divided into two regions:

The grain growth region, which lies adjacent
to the weld interface
The grain-refined region, which is farther
away from the weld interface

D - Do=be-Q/2RTp (t')" (Eq6)

Because the grain growth region of the HAZ has
experienced peak temperatures approaching the
solidus of the base metal, coarse grains develop in
accordance with Eq 6. The grain-refined region of
~e HAZ has been thermally cycled only briefly
mto the low-temperature portion of the austenite
region, resulting in significant grain refinement.
This grain-refining reaction occurs by the nuclea
tion ofnew grains each time the Al and A3lines are
crossed, either upon heating or weld cooling. The
~eneral structure ofa steelweld will always appear
fine-grained when compared to similar welds de
posited on single-phase metals, such as pure
nickel, copper, a brass, and ferritic stainless steel.

The grain size distribution in precipitation
hardening alloys-which include maraging
steels; precipitation-hardening stainless steels;
2xxx, 6xxx, and 7xxx series aluminum alloys; co
balt- or nickel-based superalloys; copper, tita
nium, and magnesium alloys; and many others
is generally similar to that of the single-phase
alloys. The majority of precipitation-hardening
alloys develop coarse grain structures in both the
weld and HAZ, and the small amount of second
phase transformation is insufficient to produce
any grain refinement. For example, welding and
slow cooling a typical nickel-based superalloy
containing small additions of titanium and alu
minum result in a coarse-grained weld and HAZ
structure with small amounts of Ni3(Al,Ti)phase
along the y (nickel solid solution) grain bounda
ries. If the weld cooling rate is fast, as in an
electron beam weld, the Ni3(AI,Ti) does not form
at all on cooling, but remains in a supersaturated
solid solution. Subsequent aging treatments only
precipitate Ni3(AI,Ti) as microscopic particles
throughout the weld and the HAZ.

Multiple-Pass Welds. Grains of single-phase
metals continue to grow without obstruction
through each succeeding weld pass of multiple
pass welds, until all of the required passes are
complete. Such interpass epitaxial growth leads
to coarse columnar grain structures and extreme
anisotropy of mechanical properties. Peening or
cold working each weld pass prior to deposition
of the subsequent pass helps mitigate the prob
lem. The peening action sufficiently cold works
the columnar grains of a freshly deposited pass to
cause development of a refined or recrystallized
grain structure in the new HAZ of this weld pass.
Through epitaxial growth, these refined grains
grow into the weld. Byinterpass peening, colum
nar grains are restricted to growth only within
each weld pass, thus greatly reducing the overall
grain size and anisotropy of multiple-pass welds
of single-phase alloys. Peening is not recom
mended by most welding codes for the first and
last (surface) passes because of the likelihood of
fracturing the first pass and heavily distorting the
surface of the last pass.



In multiple-pass welds deposited on allotropic
metals, such as steel, substantial interpass grain
refinement occurs in the weld fusion zone. Each
interpass HAZ recrystallizes into a fine-grained
structure that effectively prohibits the uninter
rupted growth of large columnar grains from one
weld pass to the next, as occurs in multiple-pass
welding of single-phase alloys. Grain refinement
is achieved each time a portion of the steel in the
weld transforms to austenite upon heating fol
lowed by a transformation back to ferrite plus
bainite or pearlite upon cooling. A thick band of
fine, equiaxed grains separates the coarse colum
nar grains deposited with each pass.

Each transformation from one phase to another
is accompanied by the nucleation and growth of
very fine grains which completely replace the
coarse columnar grain structure from the pre
vious weld pass. When the HAZ is heated into
the austenite region, growth of the newly formed
grains may take place rapidly if the residence
time at the peak temperature is long, or the weld
cooling rate is slow. Fast cooling of a weld pro
duces fine grain structures. For example, a weld
deposited on 2-in.-thick steel plate in 50 passes
with the SMAW process will produce a much
finer grain size in both the weld and HAZ than a
similar weld deposited in 1 pass with the ESW
process, which is an extremely high heat input
welding process.

Influence of Solidification Structure on Solid
State Transformations. The microstructure al
ways remains single phase in single-phase alloys,
despite the presence of microsegregation in cells
or cellular dendrites, because no transformations
occur in the solid state. For alloys that experience
solid-state transformations, such as the eutectoid
transformation in steels, the solidification struc
ture of cells or dendrites affects to some extent
any subsequent solid-state transformation as the
weld cools to room temperature. For example, in
steel weld metal, the interdendritic or intercellu
lar regions are more hardenable than the cores
because these regions contain substantially
higher percentages of alloying elements such as
nickel, manganese, and molybdenum. Generally,
as the alloy content increases, the compositional
differences that may be developed between the
cores and interdendritic regions are more signifi
cant.

In plain-carbon or low-alloy steel weldments,
the cellular dendritic solidification that normally
occurs under most welding conditions cannot be
seen metallographically unless specially pre
pared solute-sensitive etchants are used, because
the strong etching characteristics of proeutectoid
ferrite and the eutectoid transformation products
completely mask any metallographic effects
caused by the solidification structure. No evi
dence of any solidification structure is apparent
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unless the weld is etched with a solute-sensitive
reagent such as Stead's reagent. Stead's selec
tively deposits copper on regions of high-phos
phorus segregation. Because phosphorus segre
gates intercellularly or interdendritically in
steels, the solidification structure of the weld
metal can be revealed. In low-carbon steels, the
degree of alloy segregation, although apprecia
ble, is not sufficient to significantly change any
solid-state transformation.

In high-alloy steels, the solidification of 304
stainless steel is an excellent example of the influ
ence of the solidification structure on the result
ing solid-state transformation. When wrought
304 stainless plate is examined metallographi
cally and magnetically (with the ferrite gage), the
microstructure is fully austenitic. When this alloy
is autogenously gas tungsten arc welded (with
out filler metal), however, the weld metal is no
longer fully austenitic, but now contains about
5% ferrite. During solidification of the weld, the
first solid to form is l) ferrite dendrites containing
an enriched chromium content at the core of the
dendrite arms. Upon further cooling, the l) trans
forms almost entirely to austenite, except in the
dendrite core where the concentration of chro
mium is sufficiently high to stabilize approxi
mately 5% of the l) ferrite. If this weld metal is
chemically homogenized by hot working and an
nealing, the l) ferrite disappears, and the weld
microstructure becomes fully austenitic again.

In weld metal of high-alloy steels, such as 18%
Ni maraging steel, the segregated solidification
structure is directly responsible for formation of
small pools of unwanted retained austenite.
When 18% Ni maraging steel is gas metal arc
welded with nearly matching filler metal, the
resulting dendritic structure is so segregated that
the nickel-enriched interdendritic regions do not
transform fully to martensite upon cooling. The
resulting weld-metal microstructure is not 100%
martensite as intended, but is a duplex structure
of martensite with about 8% interdendritic re
tained austenite that is detrimental to mechanical
properties.

Effects of Welding on Microstructure

The solidification structure generally has little
or no effecton subsequent solid-state transforma
tions when the degree of segregation is small, as
in dilute alloys which have undergone little con
stitutional supercooling, because the parameter
G/Rwas high. Heavily alloyed metals, however,
tend to solidify with a segregated dendritic struc
ture where the dendrite core is rich in the high
melting point elements(a) and the interdendritic
areas are rich in the low melting point element(s).
Because the dendrite core and interdendritic re-
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Fig. 10 Relationship ofmanganese-to-sulfur ratio,carbon con
tent, and hot crackingsusceptibility in welds

gions are virtually two entirely different alloys,
substantial deviations from the normal solid
state transformations can be expected.

In welding more complex metals that undergo
solid-state phase transformations, alloy composi
tion is a major factor in determining the final
microstructure and, hence, mechanical proper
ties of a weld joint. For example, when welding
plain-carbon and low-alloy steels, a weld metal
carbon content below 0.1%,or as low as possible,
should be maintained to achieve excellent weld
toughness and maximum resistance to hot crack
ing from liquid sulfide films (discussed in the hot
cracking section in this article). To counteract this
hot cracking tendency, manganese is usually
added to steel; as the carbon content of the weld
metal increases, the manganese-to-sulfur ratio
becomes larger, as shown in Fig. 10. Fortunately,
most commercial filler metals contain minimal
carbon and sulfur levels, while alloy content is
raised to achieve specified strength require
ments. Most structural steels, such as ASTMA36
and A588 or AlSI-SAE1018,1020,and 1045,how
ever, contain well over 0.10% C primarily be
cause carbon is a far less expensive strengthener
than alloying additions such as manganese, chro
mium, molybdenum, and nickel.

Effects of Cooling Rates. Consider SMAW of
0.18% C, low-alloy steel (ASTM A588) with an
E7018 electrode. Temporarily neglecting the
small amounts of alloying elements in the weld,

development of the microstructure of this weld
can be followed using the iron-carbon diagram or
a CCT diagram if the cooling rate is known. As
suming the weld metal admixture contains 0.12%
C, the iron-carbon diagram shows that the first
solid to freeze is 0 ferrite cells or dendrites, de
pending on G/R and Co. At 1496 °C (2725 OF), the
oferrite begins to transform by a peritectic reac
tion to austenite through epitaxial growth from
the HAZ following the solidification front. Al
though some nucleation of austenite occurs at 0
ferrite columnar grain boundaries, the majority
of austenitic growth occurs epitaxially in a direc
tion parallel to the maximum temperature gradi
ent. The growing austenite grains replace the pri
mary 0 ferritic structure virtually grain-upon
grain with little change in the columnar nature of
the weld structure. Despite the transformation of
o to austenite, austenite grain boundaries can
occupy the same positions that the original 0
ferrite grains occupied during solidification with
little deviation. Therefore, the original 0 ferrite
solidification structure, although replaced by
austenite, remains essentially intact.

The austenitic weld metal may transform to a
variety of proeutectoid and eutectoid products,
depending upon weld cooling rate and alloy
composition. At a normal or intermediate cooling
rate, as in a typical shielded metal arc weld,
proeutectoid ferrite nucleates at the austenite
grain boundaries as the weld cools below the A3
temperature. This continuous network or veining
of ferrite grains outlines the prior austenite grain
boundaries and is often called "grain-boundary
ferrite." Within each prior austenite grain, the
structure is normally "acicular ferrite," which is
characterized by fine elongated platelets ar
ranged in an interlocking path. At high magnifi
cation, the acicular ferrite grains, typically 40 to
80 uin, wide, are separated by local regions of
carbon-enriched austenite which transform to
carbide in the form of bainite. This microstruc
ture is characterized by excellent strength and
fracture toughness. At slow weld cooling rates
associated with high preheating temperatures or
heat input, the amount of acicular ferrite de
creases substantially and is replaced by a coarse
structure of additional grain-boundary ferrite
and a second form of proeutectoid ferrite called
"polygonal" or blocky ferrite.

At an optimum cooling rate, a maximum
amount of acicular ferrite (as much as 90% of the
weld) is obtained and any further increase in
cooling rate tends to decrease its presence. For
example, at a fast weld cooling rate, acicular fer
rite is replaced by various forms ofbainitic struc
tures, which usually exhibit Widmanstatten or
side-plate ferrite. Ferrite side plates grow from
the prior austenite grain boundary into the grain
interior. At these fast cooling rates, the bainitic
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structure may also be accompanied by regions of
martensite and some retained austenite. The side
plate ferrite, bainitic, and martensitic structures
are generally undesirable because of their low
ductility and poor fracture toughness.

Weld-Metal Composition. The alloy composi
tion of the weld metal also influences the result
ing microstructure. The weld-metal and HAZ mi
crostructures can be predicted for numerous steel
compositions if appropriate CCT diagrams are
available. This method of predicting microstruc
tures can be applied effectively to any fusion
welding process and follows a three-step process
depending on (1) calculation of the maximum
weld cooling rate, (2)procurement or availability
of the appropriate CCT diagrams for the weld
admixture and base plate compositions, and (3)
comparison of the calculated cooling rate with
that given in the CCT diagrams to obtain the
microstructural phases present.

For example, the weld-metal and HAZ micro
structures may be predicted for a shielded metal
arc weld that is deposited on 12-mm (O.5-in.)
thick 1080 steel using E7018electrodes and a net
arc energy input (Hn) of 800 J/mm (20,320 J/in.)
without preheating, and with a preheating tem
perature of 325°C (615 OF). Knowing the groove
geometry and chemical compositions of both
electrode and base metal, an approximate com
position of the composite zone admixture can be
calculated. In this example, assume the weld
metal composition was found to be essentially
equivalent to a 1035 steel. Weld cooling rate for
thin plate without preheating is:

S = 21tKpC(t/Hnlm - To)3

S = 21t (0.028)(0.0044)(13/800)2 (700- 25)3

S =63 °C/s =3800 °C/min

where Ti is the temperature of interest, t is the plate
thickness, p is density, and K is thermal conductiv
ity. In English units, the calculation is:

S = 2tt(0.395)(40)(0.5/20,320)2 (1292-77)3

S = 108 °F/s = 6473 OF/min

Next, taking the effect of 325°C (615 OF) pre
heating into account and recalculating using Sfor
Toequal to 325°C (615 OF):

S =10.8 °C/s =647°C/min

S = 19.4 °F/s = 1165 OF/min

With preheating, the HAZmicrostructure contains
pearlite plus bainite, while the microstructure of
the weld metal contains grain-boundary ferrite
plus bainite. Unfortunately, many CCT diagrams
do not presently differentiate among the various
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forms of ferrite (i.e., acicular or polygonal). In ad
dition to eliminating martensite from the weld
joint, the slower cooling rates attained with pre
heating provide additional benefits, such as
greatly decreased susceptibility to hydrogen-as
sisted cold cracking and reduced residual stresses
and distortion.

Welding Flaws

Porosity, or fine holes or pores within the weld
metal, can occur by absorption of evolved gases
and chemical reaction. Metals susceptible to po
rosity are those which can dissolve large quanti
ties of gas contaminants (hydrogen, oxygen, ni
trogen, etc.) in the molten weld pool and
subsequently reject most of the gas during solidi
fication. Aluminum alloys are more susceptible
to porosity than any other structural material.

The mechanism by which porosity forms in
welds is inextricably related to the solidification
kinetics and morphologies of each alloy. The
most common types of porosity are either inter
dendritic or spherical. Variations in solidification
mode (planar, cellular, or cellular dendritic) will
affect not only the resulting size, shape, and dis
tribution of hydrogen pores, but also the ability
of pores to detach from the interdendritic regions
to be free floating. The process by which gas
bubbles grow in the weld pool is coalescence of
smaller bubbles in accordance with Stokes law,
and a strong convective fluid flow.

Weld cooling rate substantially affects the vol
ume of porosity retained in a gas-contaminated
weld. At fast cooling rates, the level of porosity is
low, as the nucleation and growth of bubbles in
the liquid are severely suppressed. Similarly, at
very slow cooling rates, porosity is minimal be
cause bubbles have ample time to coalesce, float,
and escape from the weld pool. At intermediate
cooling rates, the greatest volume of porosity in a
weld is observed, as conditions are optimum for
both formation and entrapment of virtually all of
the evolved gases in the weld.

The sources of porosity are contaminants, in
cluding moisture, oils, paints, rust, mill scale, and
oxygen and nitrogen in the air. The heat from the
welding arc decomposes moisture, oils, and
paints into hydrogen and other gaseous prod
ucts. Hydrogen may produce severe porosity in
aluminum alloy welds, as well as welds depos
ited on copper, magnesium, niobium, and tita
nium alloys. Because hydrogen is not easily nu
cleated in steels during solidification, the
majority of hydrogen contamination remains in
supersaturated solid solution after welding is
complete.

The base metal itself may contain gas in appre
ciable amounts, as in rimmed steels or volatile
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coatings, such as zinc (from galvanizing) and
cadmium. Volatile ingredients, including sulfur,
lead, and selenium, are required for free-machin
ing applications. However, during welding,
these additions vaporize and produce excessive
porosity. In addition, the evolution of gases in a
weld may cause wormholes and oxide inclu
sions, as well as porosity.

Porosity is also caused to a lesser extent by
chemical reactions between absorbed active
gases and easily reducible ingredients in the weld
pool. For example, in steel, absorption of oxygen
gas causes decarburization:

C+O----)COgas

In copper alloys that almost always contain some
oxygen impurity, absorbed hydrogen reacts as fol
lows:

2H + a ----) H20 gas

Hydrogen accidentally introduced into a welding
atmosphere tends to reduce most metal oxides:

4H + 2CU20 ----) 4Cu + 2H20 gas

2H + FeO ----) Fe + H20 gas

Reduction reactions occurring in the weld pool can
be approximated by using simple thermodynamic
calculations or functional charts, such as the Elling
ham diagram.

Because the production of porous-free welds is
not cost-effective in commercial welding applica
tions, limited amounts and sizes of porosity are
permitted by all welding codes. The best preven
tion for porosity in welds is utilization of accept
able standards of workmanship, as specified in
various structural welding codes. If parts to be
welded and consumables are cleaned and dried,
a great percentage of gaseous porosity is elimi
nated. If the rust and light mill scale on steel
plates cannot be removed before welding, filler
metal or fluxes containing strong deoxidizers,
such as aluminum, titanium, and zirconium,
should be used. These deoxidizers are effective in
reducing porosity to acceptable levels. Only hy
drogen contamination cannot be removed by de
oxidizers.

Hydrogen-Induced Cold Cracking. A major
source of underbead cracking in welds deposited
on low-alloy and other hardenable steels is cold
cracking (also called delayed cracking). Cold
cracks may form within minutes, hours, or days
after welding and can result in catastrophic fail
ures of welded structures. Factors required for
cold cracking to occur are (1) a crack-sensitive
microstructure, usually martensitic; (2) sufficient
hydrogen concentration in the weld; (3)rigid ten
sile restraint; and (4) a temperature between ap-

proximately 300 to -150 OF. Elimination of one or
more of these factors greatly reduces crack sus
ceptibility.

Hydrogen, when entering a steel weld, diffuses
and segregates at pores, discontinuities, inclu
sions, and other microscopic flaws. These flaws
are effective traps and can severely reduce the
diffusion coefficient of hydrogen (Fig. 11). Gen
eral belief, however, is that the remaining diffus
ible hydrogen is responsible for the cold cracking
problems in welds. The mechanism of hydrogen
induced cold cracking has been widely studied.

This phenomenon is known to be diffusion
controlled, time-dependent, and either trans
granular or intergranular. Several theories ex
plain why cold cracking is time-dependent.
Generally, a preexisting microcrack or disconti
nuity acts as a stress-concentration site. When a
tensile stress is applied, hydrogen diffuses at
room temperature to the regions of greatest ten
sile strain. After the concentration of hydrogen at
or near the tip of the discontinuity has accumu
lated to a critical value, which depends on the
magnitude of externally applied tensile stresses
or residual stresses, the hydrogen is believed to
cause severe reduction in the cohesive bonding
energy between iron atoms ahead of the discon
tinuity, and cracking initiates. Propagation of the
crack occurs in discrete bursts or steps, which are
repeated as fresh hydrogen diffuses ahead of the
crack tip. At low stress intensity values, cracking
is likely to follow an intergranular path between
prior austenite grains which have transformed to
martensite, while at high stress intensities, the
fracture could be transgranular.

In welding, the combination of tensile shrink
age stresses and hydrogen contamination may
cause microcracks to occur in both the weld fu
sion zone and HAZ. In fact, cold cracking occurs
more commonly in the HAZ because the hydro
gen contamination entering the molten weld pool
diffuses rapidly into the HAZ and most steel filler
metals have less carbon than the base metal for
good weldability, making the HAZ microstruc
ture more susceptible.

The cold cracking susceptibility of a given com
position of steel is related to the Dearden and
O'Neill equation for CE:

C
_O/C %Mn %Cu+%Ni

E - 10 + 6 + 15

%Cr+%V+%Mo
+

This formula was derived for plain-carbon and
low-alloy steels containing 0.12% C or more.
Weightpercentages are used in the calculation. For
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Fig. 11 Diffusion coefficient of hydrogenin iron alloys.Source: Ref18

low-carbon steels in the range from 0.07to 0.22%
C, the Ito and Bessyo equation can be used:

Generally, most users of the CEequation agree that
a value of CE > 0.35 to 0.40 (depending on plate
thickness and the degree of restraint) indicates that
a given steel composition will be susceptible to
cold cracking in the HAZ unless steps are taken to
reduce the amount of hydrogen contamination en
tering the molten weld pool.

For example, consider the SMAW of ASTM
A572 grade 65 with a CE of 0.44 to 0.48%. Al
though susceptible to cold cracking, this grade of
steel is welded routinely without cracking if
proper welding procedure is maintained. Struc-

tural welding codes, such as AWS Dl.l, require
that A572 grade 65 be welded with low-hydro
gen electrodes E8015, 8016, or 8018; adequate
preheating temperature, depending on thick
ness; and a suitable welding procedure to ensure
low-hydrogen welding conditions.

Because hydrogen enters the weld pool by the
dissociation of moisture and hydrocarbons in the
arc, consumables that are inherently high in
moisture should not be used to weld steels hav
ing greater than either a 300 HB hardness value
or 0.40%CEo In SMAW, cellulosic and rutile elec
trodes, such as E6010, E6011, E6012, E6013,
E7014, and E7024, contain organic substances
which evolve abundant amounts of hydrogen
during welding. Similarly, in FCAW, an E70T-l
filler metal contains a rutile base flux and may
evolve substantial hydrogen, particularly if not
dried by baking prior to welding. In SAW, fused
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.(a)Milliliters of hydrogen per 100g of weld metal deposited

Ferrite Vein Cracking. Another form of hydro
gen-induced cracking has been observed in elec
troslag weld metal. Unlike cold cracking of high
strength steels (discussed in the previous
section), ferrite vein cracking occurs along the
grain-boundary ferrite in low-carbon steels that
were believed "immune" to hydrogen-induced
cracking such as A36 and A588. Although the
mechanism of cracking is unknown, the cause
has been definitely attributed to the presence of
hydrogen-bearing contaminants in the weld
pool. The cure is simply to ensure that all fluxes
and consumables are sufficiently free of mois
ture, grease, oil, and excessive oxide scale.

Lamellar Tearing. This type of cracking, which
occurs in the base metal or HAZ of restrained

fluxes contain no water, but agglomerated fluxes
may have substantial amounts of residual mois
ture because these fluxes are hygroscopic and
should be baked at a prescribed temperature im
mediately prior to welding.

To ensure crack-free welding of hardenable
steels, low-hydrogen covered electrodes, such as
E7015, E7016, and E7018 for SMAW, must be
baked at 450 to 500 of for at least 2 h prior to
welding. Higher strength electrodes, such as
E8018,E9018,and El0018, must be dried at 700to
800 OF for crack prevention. Fused fluxes for SAW
may be dried at 250 of to eliminate moisture.

Preheating is essential to prevent the occur
rence of cold cracking. The diffusible hydrogen
content of the weld is substantially reduced by
preheating and maintaining an interpass tem
perature such as 250°C (480 OF). At approxi
mately 250 °C, no hydrogen-induced cold crack
ing is possible because hydrogen diffuses so
rapidly that it will not segregate at the tips of
discontinuities or stress concentrations. Eventu
ally, the rapidly diffusing hydrogen atoms es
cape from the weld surface.

The level of diffusible hydrogen in a given weld
can be measured by standard techniques that are
specified in the military specification MIL-E
24403A(SH), International Standard ISO-3690,
and several other specifications. Once the hydro
gen content is determined, an upper limit on the
permitted hydrogen level in the weld joint can be
set, based on actual experience. The International
Institute of Welding's general terminology for
diffusible hydrogen concentrations in welds is:

Tenn

Very low
Low
Medium
High

Hydrogen
concentration
mU100g(al

0-5
5-10
10-15
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weld joints, results from inadequate ductility in
the through-thickness direction of steel plate.
Susceptibility to lamellar tearing depends on the
joint geometry, oxide and sulfide inclusion con
tent, and the extent to which these inclusions are
elongated or flattened in the rolling direction to
form parallel planes of weakness. The reduction
of area values from tensile tests on steels taken in
the through-thickness direction indicates suscep
tibility to lamellar tearing. Steel plates exhibiting
reduction of area values less than 10% will be
sensitive to cracking. Hydrogen is known to be
preferentially trapped at inclusions and tends to
accelerate the occurrence of lamellar tearing.
Therefore, welds on steels deposited by low-hy
drogen processes are more resistant to lamellar
tearing than similar welds deposited with meth
ods other than low-hydrogen welding.

Preheating and buttering can be effective in
reducing susceptibility of steel to lamellar tear
ing. Preheating decreases both the magnitude of
residual tensile stresses acting in the through
thickness direction and the severity of embrit
tling effects caused by hydrogen. Because lamel
lar tearing usually occurs within 0.1 to 0.2 in.
from the weld interface in the HAZ, susceptible
plates can be buttered with crack-resistant weld
metal. When joining two buttered plates, the ma
jor tensile stresses act on the relatively immune
buttered regions of the joint. The most economi
cal preventative measure, when possible, is to
assemble the plates to be welded with the rolling
direction of the plate perpendicular to the weld
axis.

Reheat Cracking. In welding high-strength
low-alloy steels that have been alloyed with va
nadium, boron, niobium, molybdenum, or tita
nium to promote the formation of acicular ferrite
for maximum toughness, postweld stress relief is
often prohibited by reheat cracking in the HAZ.
Reheat cracking is entirely intergranular, and al
though not definitely established, the mechanism
is believed to be a result of precipitation harden
ing within the HAZ grains while the grain
boundaries are left in a weakened condition. If
the residual stress and restraint are great, brittle
intergranular cracking occurs. The relative pro
pensity for a steel to be subject to reheat cracking
can be qualitatively measured by the Ito equa
tion, which is calculated using weight percent
ages:

C =10V + 7Nb + 5Ti + Cr + Cu - 2

If carbon (C) is equal to or greater than zero, the
steel may be susceptible to reheat cracking. Al
though boron is not considered in the Ito equation,
steels containing boron, particularly in combina
tion with ¥2%Mo, have been suspected of contrib
uting indirectly to reheat cracking. In addition, the



presence of nitrogen, sulfur, phosphorus, arsenic,
antimony, and aluminum is suspected of contrib
uting indirectly to the reheat cracking problem.
The best prevention for reheat cracking is to use a
nonsusceptible alloy. If this is not possible, the
stress relief anneal must not be performed, at least
not within the temperature range of maximum
susceptibility, which is usually between 550 to 650
"C (1020 to 1200 OF). Finally, reducing external
restraint and minimizing stress concentrations
through proper design and good welding practice
are helpful in moderating susceptibility to reheat
cracking.

Hot Cracking in the Weld Metal and Heat-Af
fected Zone. Another type of cracking, which
results from internal stress developed on cooling
following solidification, is hot cracking. This de
fect occurs at a temperature above the solidus of
an alloy. As discussed earlier, dendritically so
lidified weld metal is characterized by composi
tional differences between the dendrite core and
the solute-rich, lower melting interdendritic re
gions. During the last stages of solidification, a
semirigid network of mechanically interlocked
dendrites forms with a small amount of low
melting liquid interdispersed. As the weld
shrinks during solidification, tensile stresses tend
to pull the loosely bonded dendrites apart. This
separation is always interdendritic or intercellu
lar and results in hot cracked weld metal.

The amount of interdispersed liquid is a critical
factor in determining the susceptibility of an al
loy to hot cracking. In the eutectic system shown
in Fig. 12, an alloy weld of composition Ci solidi
fies in the portion of the phase diagram that is
most susceptible to hot cracking, because the
greatest solid and liquid temperature ranges oc
cur at Cr, and because the amount of liquid re
maining after an interdendritic separation or
crack has taken place is not sufficient to fill or
heal the crack as a riser would in a casting. If an
alloy of composition Cz is welded, the solidifica
tion temperature range decreases and, more im
portantly, a plentiful amount of liquid of eutectic
composition is available to heal any interden
dritic crack that may form. Finally, the alloy of
composition C3 is virtually immune to hot crack
ing under normal welding practice because each
dendrite is surrounded by eutectic liquid that
solidifies at one temperature in a planar mode
and provides ample eutectic healing of any den
dritic separation.

Very often in complex alloys, hot cracking is
caused by impurity liquid films such as the low
melting sulfide film in steels, stainless steels, and
nickel alloys. In welding low-alloy steels, for ex
ample, weld-metal carbon content should be kept
below 0.1% so the weld solidifies as 0 ferrite and
avoids peritectic reactions. Sulfur dissolves read
ily in 0 ferrite but is relatively insoluble in
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Fig. 12 Effect of composition on hot cracking susceptibility of
welds in a eutectic system. Regions of hot crack sus

ceptibility: A, no cracking; B, liquid healing is possible; C, hot
crack sensitive. Source: Ref 19

austenite. As a result, austenite rejects sulfur to
cell or dendrite boundaries and forms an inter
granular low-melting film, which is partially re
sponsible for hot cracking during solidification of
many iron- and nickel-based alloys. Fortunately,
increasing the manganese content, as shown in
Fig. 10, helps reduce hot cracking sensitivity by
raising the melting temperature of the sulfides.

Other elements, such as phosphorus and nio
bium, can be identified as promoters of hot crack
ing in steels using this formula developed by
Bailey and Jones:

UCS =230% C· + 190% S + 75% P + 45% Nb

-12.3% Si-5.4%Mn-1

If C < 0.08%,C*is taken to be 0.08%C. If units of
crack susceptibility, UCS, exceed 19 for T-fillet
welds and 25 for butt welds, the chances for hot
cracking become an important consideration in
material, design, and production choices.Methods
to minimize hot cracking in weld metal include: (1)
maintenance of adequate manganese-to-sulfur ra
tio; (2) reduction of sulfur, phosphorus, carbon,
and niobium to minimal amounts; (3)production
of weld bead convexes, such as slightly overfilling
the weld groove or fillet; and (4) reduction of the
tensile restraint exerted on the weld.

Hot cracking may also occur in the partially
melted zone by the liquation of low-melting in-
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elusions or second-phase segregates and grain
boundary melting. The width of the partially
melted zone depends on the nature of the segre
gates and the thermal gradient perpendicular to
the weld interface. The liquation of large manga
nese sulfide inclusions was described in the sec
tion on definition of a weld in this article. If the
grain boundary in the HAZ is segregated with a
low melting phase, cracking can be extensive. For
example, welding of 304 stainless steel with 308
filler metal is occasionally contaminated with
copper from various types of tooling or other
sources. The accidental addition of copper to the
weld pool causes not only severe hot cracking of
the weld metal, but also extensive grain-bound
ary melting or hot cracking in the partially
melted zone by a liquid-metal embrittlement
mechanism.

Chevron cracking, also referred to as staircase
cracking, can occur in the fusion zones of both
submerged arc welds using agglomerated fluxes
and shielded metal arc welds deposited on me
dium-strength steels. This type of cracking is
characterized by many parallel cracks angled' ap
proximately 45° from the plane of the plates in a
butt joint. The multiple cracks are best viewed by
cutting a longitudinal section of a weld joint. A
chevron pattern is produced by the 90° intersec
tions of these cracks, which are partially interco
lumnar and partially transcolumnar within the
weld fusion zone. Caused by the presence of hy
drogen, chevron cracking is apparently a form of
hydrogen-induced cold cracking. The exact
mechanism of cracking is unexplained, although
low-hydrogen welding practice, particularly in
SAW and SMAW, is known to eliminate chevron
cracking.

Ductility-Dip Cracking. Many alloys, includ
ing cupronickels, austenitic chromium-nickel
steels, some nickel-based alloys, and aluminum
bronzes, exhibit a temperature range over which
ductility and tensile strength drop sharply. These
alloys are susceptible to HAZ and weld-metal
cracking when welded under excessive restraint.
Above and below the ductility-dip embrittlement
range, fracture occurs by microvoid coalescence
resulting in high values of strength and ductility.
Within the embrittlement range, fracture is inter
granular and brittle.

The actual embrittling mechanism is not well
understood, but is believed in most instances to
be caused by the grain-boundary segregation of
phosphorus and sulfur in austenitic chromium
nickel steels, nickel in cupronickels, and alumi
num and nickel in aluminum bronzes. Crack sus
ceptibility is extremely composition-dependent.
For example, increasing nickel content in cupro
nickel alloys to above approximately 18% tends
to decrease ductility at 700°C (1290OF). Similarly,
aluminum bronzes containing less than approxi-

mately 11% Al and an increased amount of nickel
tend to exhibit reduced ductility in the tempera
ture range of approximately 500 to 600°C (930to
1110 OF). In some cases, cracking may be initiated
by hot cracking followed by ductility-dip crack
ing when the segregating constituents not only
embrittle grain-boundary regions in the ductil
ity-dip temperature range, but also substantially
depress the melting temperature at the grain
boundaries.

Fortunately, ductility-dip embrittlement is not
a Widespread problem and occurs in only a few
structural alloys. This form of cracking is best
prevented by avoiding alloys known to exhibit
ductility-dip problems. If such an alloy must be
welded, cracking will be difficult to avoid. There
fore, welding of susceptible alloys should be lim
ited to thin sections, and the welding conditions
should minimize shrinkage stresses during cool
ing.

Intergranular Corrosion of Austenitic Stain
less Steels. A recurring problem in the welding
of austenitic stainless steels is the accelerated cor
rosion that takes place in the HAZ. When stain
less steels such as 304 and 308 are heated into or
very slowly cooled through the sensitizing tem
perature range of 500 to 800°C (930 to 1470 OF),
chromium carbide precipitation occurs along the
grain boundaries. The narrow region adjacent to
the carbide-decorated boundaries is depleted of
chromium, making this region susceptible to cor
rosion by numerous media. Corrosion is always
intergranular and can be so severe that grains
may actually dislodge from the metal. In welding
stainless steels, sensitization is particularly se
vere in portions of the HAZ that have experi
enced peak temperatures in the sensitizing range
for a time sufficient to precipitate intergranular
chromium carbides.

Intergranular corrosion can be avoided by util
izing any of three practical solutions. The first
and most common solution is to only weld plate
that contains extra-low carbon, as designated by
the suffix L, such as types 304L and 308L. Filler
metals should also contain low carbon, because
without adequate carbon, the precipitation of
damaging intergranular carbides is essentially
eliminated.

Intergranular corrosion can also be avoided by
using stainless steel base metal that has been sta
bilized with small additions of titanium or nio
bium. These elements form tenacious carbides
that are nearly insoluble at elevated tempera
tures. As a result, carbon is tied up as stable
compounds (titanium or niobium carbides) and
is no longer free to precipitate chromium car
bides when exposed to the sensitizing tempera
ture range. Typical stabilized stainless steels in
clude types 321, 347, and 348.



In addition, a postweld solution heat treatment
can be applied to a sensitized weld joint to pre
vent intergranular corrosion. By heating the en
tire welded assembly to approximately 1650 to
2100 of for a time sufficient to dissolve all chro
mium carbides and quenching to room tempera
ture, corrosion resistance can be fully restored.
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Chapter 2

Weldability Testing"

WELDABILITY is defined as "the capacity of a
material to be welded under the imposed fabrication
conditions intoa specific, suitably designed structure
andto perform satisfactorily in the intended service"
(Ref 1). The weldability tests described in this
article are used to evaluate the effects of welding
on such properties and characteristics as:

Base-metaland weld-metal cracking
Base-metaland weld-metal ductility
Weld penetration
Weld pool shape and fluid flow

Because weldability testing is used to evaluate
the welding characteristics of the base materials,
many of these weldability tests are laboratory or
research tests rather than "production" tests.
Weldability tests are used extensively during al
loy development. However, many are also used
during weld procedure development to ensure
the weldability of base materials before produc
tion commences. Each test is designed to evaluate
a susceptibility to a specific weldability problem.

Obviously, the best tests evaluate the actual
service conditions. However, because this is ex
pensive and often impossible, standardized
weldability tests and test methods have been de
veloped. These tests evaluate various responses
of the base material to different welding condi
tions or simulated welding conditions. Most of
these tests utilize simple geometries and configu
rations, and loading conditions are typically sim
ple and uniform. Thus, none of these tests dupli
cates the actual service conditions of a real

weldment. Instead they provide a baseline for
comparisons of base material responses.

The various weldability tests provide informa
tion on alloys, welding processes, and welding
procedures. Data generated can be compared to
data produced under the same testing conditions
on other heats of material or to data produced
with other welding processes or procedures (Ref
2). All of these tests provide qualitative informa
tion in that they are used to sort different materi
als or heats of the same materials, processes, pro
cedures, and thermal cycles. None of these tests
have any quantitative "acceptance" limits, such
as the yield strength requirements of a specific
alloy when tensile tested (Ref2).

All weldability tests involve either actual weld
ing or simulated welding. Those involving actual
welding require that the test coupons be pro
duced using an actual welding process. An exam
ple of this type of test is Varestraint hot crack
testing using the gas-tungsten arc welding
(GTAW) process. Simulated welding tests in
volve the application of heat through means
other than welding, with or without loading. An
example is Gleeble testing, in which a test speci
men is resistance heated to simulate a weld heat
affected zone (Ref2).Excellent reviews of various
weldability tests are provided in Ref 3 and 4.

Tests for Cracking Susceptibility

The majority of weldability tests have been de
veloped to evaluate the susceptibility of the base

•Adapted from "WeldabilityTesting" by Richard D. Campbell, JoiningServices, Inc. and Daniel W. Walsh, California
Polytechnic State University, in ASM Handbook, Volume 6,1993, P 603-613
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Table1 Weldabilitytests used to evaluate susceptibilityto cracking

Specialized
Test Fields of use Controllable variables Type of data equipment Relative cost

Lehigh restraint Weld metal hot and cold Joint geometry, process, Critical restraint, None Costly
test cracking, root cracking, filler metal, restraint level, or % hindered machining

HAZ hydrogen cracking, heat input, preheat, PWHT contraction
stress-related cracking

Slot test HAZ hydrogen cracking Filler metal, interpass Time to crack, None Low cost
time, preheat critical preheat

Rigid restraint Weld metal hot and cold Joint geometry, process Critical restraint Restraining Costly
(RRC)test cracking, root cracking, restraint level, filler metal, jig machining

HAZhydrogen cracking heat input, preheat and set-up
Tekkentest Weld metal root cracking, Joint geometry, process, filler Critical preheat None Low cost

HAZ hydrogen cracking metal, heat input, preheat
Circular groove test Weld metal hot and cold Process, filler metal, preheat Go-no go None Costly

cracking, HAZ hydrogen preparation
cracking

Implant test HAZ hydrogen cracking, Process, filler metal, Critical fracture Loadingjig Medium cost
stress-relief cracking preheat, PWHT stress, critical

preheat
Tension restraint HAZ hydrogen cracking Process, filler metal, Critical fracture Loading jig Costly

cracking (IRC) test heat input, preheat stress, critical machining
preheat and set-up

Varestraint test Weld metal and HAZ Process, filler metal, Crack length, % Loading jig Costly
hot cracking heatinput strain preparation

and analysis
Longitudinal, bead- HAZ hydrogen cracking Current, heat input % cracking None Low cost

on-plate test
Controlled thermal HAZhydrogen cracking Current, cooling rate, Go-no go (at 2 None Costly

severity test in fillet welds preheat cooling rates) preparation
Cruciform test HAZ hydrogen cracking, Process, hea t input, Go-no go None Costly

weld metal root cracks preheat, filler metal preparation
Lehigh cantilever Lamellar tearing Process, filler input, Critical restraint, Loading jig Costly

test heat input, preheat stress and strain specimen
preparation

Cranfield test Lamellar tearing Filler metal Number of passes None Low cost
to crack

Nick bend test Weld metal soundness Filler metal Go-no go None Low cost

Source: Ref 9

materials (and any added filler material) to crack
ing. The purpose of these tests is to reduce or to
eliminate the formation of these defects during
fabrication or service. Cracking can be in the form
of hot cracking, cold cracking, or lamellar tearing.
Detailed information about these defects is avail
able in the article "Cracking Phenomena Associ
ated with Welding" in this Volume. Table 1 pre
sents a comparison of severalweldability tests for
cracking susceptibility, their applications, and re
sultant types of data.

Hot cracking occurs during weld solidification
and can occur in the weld metal or in the heat-af
fected zone (HAZ). Hot cracking is caused by low
melting temperature constituents, in addition to
tensile stress on the weld. Other names for hot
cracking include microfissuring, solidification
cracking, reheat cracking, and liquation cracking.
In actual weldments, the tensile stress may come
from external loads on the structure, the weight
of the structure producing stress on the weld,
solidification shrinkage stresses, or combinations
of these.

Cold cracking (also known as hydrogen-in
duced cracking) is a cracking phenomenon that
occurs after the weld has solidified (Ref 1). It is
also referred to as delayed cracking, because
erackingis often "delayed" for minutes, hours, or
even longer, after the weld has solidified. Cold
cracking is most often associated with the pres
ence of hydrogen in hardenable steels. The duc
tility and toughness of the welded structure are
greatly reduced by cold cracking. Requisites for
cold cracking include tensile stress (external
loading or residual stress from welding), a crack
susceptible microstructure (martensite), and the
presence of hydrogen. Cold cracking can occur in
the weld fusion zone or in the HAZ.

Several weldability tests for evaluating crack
ing susceptibility are described in this article.
Most tests are used to evaluate susceptibility to
one type of cracking: cold cracking, hot cracking,
underbead cracking, or lamellar tearing. Some
tests are useful for both hot and cold cracks. The
applicabilities of each test are discussed within
the descriptions of the test. The weldability tests
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be evaluated by metallographic cross sections of
the weld or by heat tinting and breaking open the
weld to expose the cracked region. This test has
also been used to evaluate reheat cracking in
steels (Ref3-5).

Keyhole Restraint Cracking Test (Hot and
Cold Cracks). The Naval Research Laboratory
(NRL) keyhole restraint cracking test is a Simpli
fied version of the Lehigh test (Fig. 2). The speci
men is welded along the groove beginning at the
open end and progressing toward the hole. This
imposes a varying degree of restraint along the
weld, with a maximum at the hole and a mini
mum at the edge where welding commenced.
Cracks form at the hole and extend outward to a
point where the restraint is low enough to arrest
the crack growth. The crack length is the measure
of crack susceptibility (Ref3).

Houldcroft Crack Susceptibility Test (Hot
Crack Test). The Houldcroft crack susceptibility
test utilizes a design similar to the Lehigh test,
but the slots vary in length from one end of the
specimen to the other (Fig.3).The Houldcroft test
was developed for sheet steels. No weld joint is
machined into the specimen, but rather a bead
on-plate, complete penetration weld (usually us
ing the GTAW process) is made. Duplicate sam
ples are produced, and the mean crack length of
these specimens is used as an index of hot crack
susceptibility (Ref3).

Keyhole Slotted-Plate Restraint Test (Hot
Crack Test). A variation of the Houldcroft test for
plate material is the keyhole slotted-plate re
straint test (Fig. 4). This test was developed at
Battelle and utilizes a groove weld, which begins
at the low restraint end. Crack sensitivity is deter
mined, in a manner similar to the Lehigh test, by
the uncut width of the specimen at which the
crack propagation ceases (Ref3).

Tekken Test (Cold Crack Test). The Tekken
Test, developed in Japan, uses several specimen
dimensions and joint designs (Fig. 5).The Yjoint
provides more restraint than the U- or double-U
joint designs. In these tests, preheat and welding
parameters are varied to alter the stress state,
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high restraint test. Source: Ref3

~
oo Groov~ lor
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centerline
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Fig. 1

Self-restraint tests utilize the restraint, or stress,
within the specimen to cause weld metal or base
metal cracking. No external loading of the speci
men occurs. The specimen is designed to produce
variable restraint on the weld joint, thus causing
cracking.

Lehigh Restraint Test (Hot and Cold Cracks).
The Lehigh restraint test is illustrated in Fig. 1.
This test, developed at Lehigh University, uses a
plate with slots machined into the sides and ends.
A groove weld jointismachined along the center
line of the plate, and a single-pass weld is pro
duced along this groove. The restraint from the
plate and slots produces a weld with various
levels of cracking.

This test compares quantitatively the degree of
restraint at which cracking occurs in welds dur
ing cooling. The level of restraint is altered by
changing the length of the slots (Ref 2). The re
straint is quantified as 2x, where x is the distance
from the centerline of the weld groove to the
bottom of the slots. Numerous samples with dif
ferent slot lengths are welded, and a threshold
level of restraint is determined as the width that
is just sufficient to cause cracking. Cracking can

discussed in this section are classified as self-re
straint tests or externally loaded tests.

Self-Restraint Tests
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made first. This weld, called the bithermal weld,
has only two-dimensional heat flow. After this
weld has cooled, the lap weld is made on the
other edge of the top plate, near the center of the
bottom plate. Because this weld has nearly three
dimensional heat flow, it is called a trithermal
weld. The specimen is held for 72 h at room
temperature, then the degree of cracking is deter
mined by measuring crack length on three metal
lographic specimens cut from cross sections of
the two welds.

Each specimen is assigned a thermal severity
number (TSN) according to plate thickness using
Eq 1 and 2. For bithermal welds:

where t and b are the thicknesses of the top and
bottom plates, respectively. For trithermal welds:

A series ofplate thicknesses, which provided vary
ing cooling rates, are tested. The crack susceptibil
ity of the base metal-filler material (welding wire
or electrode) combination is determined by the
minimum TSN that produces cracking. Control
led-thermal-severity testing is used to measure the
cold crack sensitivity of steels under cooling rates
controlled by the thickness of the plates and the
differences in cooling rates between bithermal and
trithermal welds. This test is primarily used to
evaluate the crack sensitivity of hardenable steels
(Ref2-4).

Cruciform Cracking Test (Cold Crack Test).
The cruciform cracking test (Fig. 9) uses three
plates that are surface ground along their inter
faces to ensure consistent and reproducible fit
up. The ends are tack welded together to form a
double T-joint. Four test fillet welds are depos
ited in the sequence shown in Fig. 9, with com
plete cooling between passes. The specimen is
held at room temperature for at least two days
before stress relieving at about 620°C (1150 OF)
for 2 h (Ref 7). Cracking is determined by evalu
ation of metallographic cross sections of the four
welds. The test data can be erratic and are very
susceptible to sample preparation. Five to ten
samples are typically required to provide reliable
results for cracking sensitivity level (Ref 2, 3).

Externally Loaded Tests

Externally loaded tests involve the application
of an external load to the specimen during weld
testing. This external load is typically varied to
alter the stress state and thus the severity of
cracking. This allows a more quantitative meas
ure of stress than can be obtained from the self
restraint tests.

Implant Testing (Cold Crack Test). The im
plant test is used to evaluate hydrogen-induced

~45D 1ir
-----)()I( Ii-

Root la~'Y16 orYain. T
Gap at root lace, lha or Ya in.

Fig. 6 Plate specifications for circular patch test. Source: Ref 3

rather than changing the specimen design. This
test is used to evaluate HAZ cracks and under
bead cracks.

Circular Patch Test (Cold and Hot Crack Test).
The circular patch test (Fig.6)utilizes a plate with
a circular hole cut out and replaced by a patch.
Both the plate and the patch have a weld joint
machined into them. One or more weld passes
are made in this circular groove, and cracking is
detected by visual, radiographic, and/or liquid
penetrant inspection. This test is used to generate
and evaluate both hot cracks and cold cracks (Ref
3,4).

Navy Circular Patch Test (Cold and Hot Crack
Test). The Navy circular patch test utilizes a
much larger specimen (Fig. 7). This test is used
for evaluating different electrodes on various
base metals. A circular hole is cut in the plate, into
which a patch is placed, with a backing ring to
hold the plate and patch together. A multipass
weld is made, one quadrant at a time, as shown
in Fig. 7. Cracking evaluation is by visual, radio
graphic, and/or liquid penetrant inspection.
Both hot cracks and cold cracks can be generated
in this test (Ref 3).

Controlled-Thermal-Severity Test (Cold
Crack Test). The controlled-thermal-severity test
specimen consists of a square plate bolted and
anchor welded to a larger rectangular plate (Fig.
8). After the anchor welds have cooled to room
temperature, two test welds are made on the
specimen. The fillet weld along the plate edges is

TSN=4(t+b)

TSN = 4«(+ 2b)

(Eq 1)

(Eq2)
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cracking (HIe). A rod of the steel base metal to be
tested is machined to the dimensions shown in
Fig. 10, the end of the rod having either a circular
groove or a helical groove machined into it (Ref
3). The rod is placed inside a hole in the center of
a plate so the top of the rod is flush with the top
of the plate. A weld bead is made on the top
surface of the plate and passes directly over the
top of the rod. By making the weld over the rod,
the groove in the rod is thus located in the coarse
grained HAZ, which is most susceptible to HIe.

After welding (but within 60 s after weld com
pletion), the test setup is placed in an apparatus
that places a tensile stress on the rod, and this is
maintained for 24 h, or until the weldment fails.
Numerous samples are welded, then tested un
der different loads. The time to fail is plotted as a
function of the loading stress. The crack suscepti-

bility of the base metal is measured by the degree
to which the failure stress is reduced with time.

Varestraint Test (Hot Crack Test). The
Varestraint (variable restraint) test was devel
oped at Rensselaer Polytechnic Institute (Ref5).It
is the most common test used to evaluate hot
crack sensitivity. In this test, one end of a rectan
gular bar (typically 50 by 205 by 6.4 mm, or 2 by
8 by % in.) is firmly mounted in a fixed position
while the opposite end is attached to a hydraulic
or pneumatic plunger (Fig. 11). A gas-tungsten
arc weld is produced on the top side of the plate,
along its longitudinal centerline, beginning at the
unsupported end and moving toward the fixed
end. When the welding arc reaches a predeter
mined location over a die block, the plate is bent
to conform to the radius of the die block. This
induces an augmented longitudinal strain on the
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(Eq3)

welded surface of the specimen. The value of the
strain is given approximately by:

t
10= '2R

Various die blocks with different radii can be
used on samples of the same material to charac-

terize the strain level at which cracking begins.
Typically, for alloy evaluation, a single die block
of known radius is used which will produce
cracking in all samples. Hot cracks typically form
radially along the trailing edge of the weld pool
and in the HAZ. Duplicate samples of each alloy
are tested, and mean values of total crack length,
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TIG-A-MA-JIG test (Ref 5). In this test, a station
ary welding torch is used to produce a gas-tung
sten arc spot weld in the center of a rectangular
sample. The specimen size is typically 140 by 25
by 6.4 rom (5.5by 1 by 0.25 in.). After the weld is
established for a predetermined time, the test
specimen is forced around a curved die block and
the arc is extinguished. Hot cracks or hot tears
form radially around the weld pool in the HAZ.
The total crack length, maximum crack length, or
strain level necessary to cause cracking is used as
the measure of crack sensitivity. The spot
Varestraint test is used mainly for evaluating sus
ceptibility to HAZ hot cracking or liquation
cracking (Ref 7).

One potential problem with the spot
Varestraint test is that crater cracks often form,
and they are difficult to distinguish from the
other hot cracks. Also, extensive subsurface
cracking often occurs, but cannot be detected
without examination of metallographic cross sec
tions. Reproducibility is difficult because slight
variations often occur in welding conditions with
the spot weld. A modified spot Varestraint test,
developed at the University of Tennessee, moves
the torch away from the pool prior to bending.
This helps eliminate problems associated with
crater cracks.

Sigmajig Test (Hot Crack Test). This test, de
veloped at Oak Ridge National Laboratory, in
volves application of a transverse normal stress,

number of cracks, or maximum crack length are
used as a quantitative means of base metal weld
ability (Ref 2).

The Varestraint test also has been used to test
the hot crack susceptibility of filler material. By
depositing filler wire on a plate (for example,
with the gas-metal arc welding process) and then
machining the specimen surface flush, a
Varestraint test can be made using the GTAW
process. This method has been used to evaluate
the effect of base metal-filler material dilution on
hot crack susceptibility.

The subscale Varestraint test uses a smaller
sample (Fig. 12). This test uses the same testing
equipment, but was developed for sheet material
(Ref 6). Typical specimen size is 25 by 150 by 3.2
rom (1 by 6 by lfs in.),

Advantages of the Varestraint and subscale
Varestraint tests are that they produce top sur
face cracks, both in the weld and the HAZ. Disad
vantages are the cost of manufacturing or procur
ing the test equipment.

Another variation of this test is the trans
Varestraint test, in which the sample is bent in a
direction normal to the welding direction instead
of the longitudinal direction. The loading in this
test is tensile loading normal to the welding di
rection. This usually causes centerline cracks to
form. The length of centerline cracks is used as a
measure of hot crack susceptibility.

Spot Varestraint Test (Hot Crack Test), The
spot Varestraint test is a modification of the
Varestraint test; it is sometimes referred to as the

Fig,11 Setup and sample specifications for Varestraint test.
Source: Ref 7



0, to a 50 by 50 mm (2 by 2 in.) sheet specimen.
An autogenous gas-tu ngs ten arc weld is pro
duced along the longitudinal centerline of the
specimen. Numerous spec imens are welded,
with the stress being increased wi th each speci
men, until centerline cracking occurs . A thresh
old stress level necessary to cau se 100% cracking
is used to quantify hot crack suscep tibility (Ref 8).
The advantage of this test is its usefulness for thin
shee t, up to approximately 2.5 mm (0.1 in.).

Tests for Weld Pool Shape and
Penet ration

Weld pool shape, fluid flow, and the sub 
sequent weld penetration and weld profil e are
important characteristics in industrial welding
applications. Improvements in material process
ing have resulted in alloys with much "cleaner"
chemical analyses. Small changes in the amounts
of certain trace elements have been shown to
caus e dramatic variations in weld pool shape and
penetration (Ref 9). Predictable and reproducible
weld shape and weld penetration are critical in
many app lications. As a result, several weldabil
ity tests have been develop ed to evalua te base
material response characteristics. Althoug h these
tests are not as standa rdized as the othe rs de
scribed above, they are becomin g increasingl y
important, both for alloy development and for
production welding applications.

Weld Penetration Tests. Ind ividual companies
have developed tests for evalua ting the penetra
tion beha vior of base metals. A simple weld test
util izes a bar stock sample on which an auto
genous gas-tungsten arc, bead-on-plate, parti al
penetr ation weld is produced. A single set of
welding parameters and the same heat sinking
are used to test different heats of the same base
mat erials. After welding, the sample is metal
lographically cross sectioned and etched. Meas
urements are made of the weld bead width (W)
and depth of penetration (0); from these dimen
sions, a depth-to-width ratio (O/W) is calculated.

The O/W ratio can be used to characterize the
weld penetration characteristics of base materials
and different heats of the same materials. For
production applications, this provides informa
tion abou t the material response before comp o
nent s reach the production welding area . The
advantage of this parti al-penetration test is that
measurements of the solidified weld bead are
mad e. These dat a characte rize the response of the
materi al to all forces that affect weld bead shape,
without the influence of a backside or underbead.

Full-p ene tration weld tests can also be used .
These tests are applicable when the weldability
test specimen is simil ar in geometry to the pro-
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Fig. 12 Photo of a typical subscale Vareslraint test apparatus,
Source: Ref6

duction weldment. However, full-penetration
weld shape is complicated becau se, in some
cases, three-dimensional heat flow applies, whil e
in other cases, two-dimension al heat flow ap 
plies. Heat buildup on the backsid e, weld joint
shape, and heat sink ing dram atically affect the
final weld shape . As a result, full-penetration
weldability tests are useful only when the pro
duction geome try is used in the test (Ref 9).

Weld Pool Shape Tests. Weld pool shape is
determ ined by a complex set of factors that in
clud e pr ocess and material vari ables (Ref 10-12).
Pool shape determination is of interest for basic
research and for production applications. Walsh,
Campbell, and Savage (Ref 13) pointed out that
determin at ions of pool shape based on metal
lographic cross sections are incomplete, and sub
ject to error even in stationary welds. Any arc or
weld pool motion that sweeps out a width or
length greater than the instantaneou s pool di
mensions cann ot be detected on the met al
lographic cross sections. Many critical geometric
featur es of the weld pool could be overlooked if
a true three -dimensional mea surement was not
made .

Some work has been done to character ize the
three-dimensional shape of weld pools (Ref 14,
15). However, techniques based on gravity and
gunshots have dr awba cks, principally lack of
speed and contamin ation, respectively. A new
weld abilit y test, called an impulse deca nting test,
is show n in Fig. 13. This test utili zes a high-pres
sure jet of argon gas that is imp ulse-released
throu gh the bott om of a modified GTAW torch to
decant, or expe l, the liquid weld pool. A control
box contains the necessary tintin g circuitry and
system relays to exting uish the welding arc and
fire the solenoid valve on an accumulator tank
that hold s the argon.
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Gleeble Testing

Conduction along the specimen itself, in
which the heat is transferred to the water
cooled jaws. The rate of this heat flow is di-

Fig. 14 Silicone rubber replication techniq ue used to eva luate
decanted weld poo l shape. Source : Ref 16

Replica

sion welded to the specimen surface. However,
for temperatures above the operating limits of
thermocouples, a radiation pyrometer can be em
ployed at some sacrifice in the overall response
time of the system.

The Gleeble has a long and proven history as a
tool for both the study of metallurgical phenom
ena at the research level and for materials testing
to predict service behavior at the production
level. A major advantage of the Gleeble is that it
generates large volumes of microstructure that
simulate small, hard-to-study regions in actual
weldments.

Gleeble test samples take on an unlimited va
riety of sizes and shapes, based on material avail
ability and project application. The following is a
discussion of round bar samples, as they are the
most typical samples studied. The concepts dis
cussed can be extended to a variety of geom etries.

A given test sample is a system in dynamic
thermal equilibrium with its surroundings, Thus,
to maintain any given temperature profile, heat is
supplied by the electrical current passing
through the specimen, and heat is lost by three
mechanisms:

Typical setup used to measure weld ability using the
impulse decanting test. Source : Ref 6

Fig. 13

The decanted weld pool shape can be evalu
ated by two methods:

Using silicon mbber to replicate the weld pool
cavity
Visually measuring the weld pool cavity di
mensions along the sample top surface, and
also on a metallographic transverse cross sec
tion of the cavity

The Gleeble system permits simulation of vir
tually any thermomechanical process. TIle device
is used in a variety of applications and is in no
way limited by its historical application to weld
ing.

The Gleeble test method is shown schemati
cally in Fig. 15 (Ref 17). The Gleeble is a fully
computer interfaced system, readily pro
grammed to provide reference signals for closed
loop control of both thermal and mech anical op
erations. Heating is accomplished by the flow of
low-frequency alternating current in the speci
men, and heating rates up to 20,000 °Cl s (36,000
of / s) can be obtained (Ref 18). The feedback sig
nal necessary for closed-loop control is normally
obtained from a fine wire thermocouple percus-

TIle silicone rubber replicas are the best method
(Fig. 14), because they accurately provide the weld
pool length, width, depth, volume, and surface
area (Ref 16). TI1is test method is extremely valu
able to investiga tors of weld pool modeling.
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-
rectly proportional to both the thermal gradi
ent and the thennal diffusivity of the material.
Convection in the gaseous atmosphere, which
removes heat and dissipates it to the sur
roundings by mixing.
Radiation emitted by the specimen. The
amount of heat lost through this mode is pro
portional to the fourth power of the absolute
temperature, and thereforebecomes more im
portant at high temperatures.

Thus, the thermal profile generated by a given
peak temperature, jaw separation, specimen di
ameter, and material type is determined by a com
plex interplay of these mechanisms in establishing
a thermal balance.

The Gleeble specimen may be treated as a uni
form cylindrical bar with internal generation of
heat. If convection and radiation losses are ne
glected, the principle of the conservation of en
ergy leads to the following relationships for the
instantaneous temperature distribution in the
bar:

Fig. 15 Gleeble test method. (a) Primary components. (b)
Close-up view of resistance heater. (c) Programmed

thermal cycle. Source:Ref17

over which the temperature of the bar lies,between
the maximum, Tmax, and some arbitrary lower
temperature, To. This length is given by the follow
ing:

(Eq4)

where Cp is the heat capacity at constant pressure;
V is the del operator; I is the current; 0) is the area
in cross section; o is the electricalconductivity; K is
the thermal conductivity; T is the temperature; p is
the density; and t is the time.

If the system is simplified by limiting the heat
flow to one dimension, Eq 4 becomes:

(e)
Tlme-

Therefore, if radiation and convection losses are
ignored, the temperature distribution in the bar
will be a parabolic one. This can be demonstrated
by double integration of Eq 6 to obtain:

This relationship closely approximates the behav
ior of a resistance-heated specimen. If the tempera
ture distribution within the bar is assumed to be
steady state, Eq 5 reduces to the Poisson relation:

where Lis the length at or above arbitrary tempera
ture; Lo is the jaw separation; Tois the temperature
at the jaw; and t.T is the difference between peak
temperature and arbitrary temperature.

However, problems exist for this simplified
treatment because experimental results do not fit
the model well. Several factors contribute to this.
The thermal conductivity, K, is not a constant,
and being itself a function of temperature can be
presented as:

aT K a2T [2
-=--+---at pCp ax2 pCp0)2cr

a2T _[2

ax2 = K0)2cr

(Eq5)

(Eq 6)

L =Lo ( fo.T )11l
Tmax- To

K=Ko(l-b1)

(Eq 8)

(Eq9)

The constants of c' and c" can be determined for
specific boundary conditions. Solutions to this
equation exist in the literature (Ref 19) and have
been applied to the determination of the lengths

_[2
T(x) =--2-x2 +c' +c"

KO) o
(Eq7)

where Ko is the thermal conductivity at absolute
zero if conductivity is treated linearly.

However, because the value of b is small, an
average value of K can be used over a small range
of temperatures without generating an exces
sively large error.

The mathematics of the system become more
complex when treatments for either convection
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or radiation heat transfer are included. Heat loss
by either mechanism will tend to flatten the para
bolic profile predicted by Eq 7. Convection losses
can be represented by adding a single term to the
Poisson equation to obtain:

(Eq 10)

where h is the convective heat transfer coefficient
and yis the dependent constant relative to geome-
try.

The inclusion of another temperature-depend
ent term makes the solution to the differential
equation more complex, and leads to solutions
involving hyperbolic functions. The addition of a
term for radiation losses further complicates the
solution because the radiative heat loss, Q12, is
proportional to the fourth power of absolute tem
perature:

(Eq 11)

where Q12 is the heat transfer from body 1 to body
2, F12 is the view factor, body 1 to body 2; Tl is the
temperature of body 1; and (l is the Stefan
Boltzmann constant. The constants h, in the con
vective solution, and o, in the radiative solution,
are small, and high temperatures are required be
fore convection and radiation playa major role in
determining the temperature profile in the bar.

Hot Ductility Testing. Gleeble testing has been
used to study a variety of phenomenon in electri
cally conductive materials. However, the discus
sion of its application to weldability testing will
be limited to studies of hot cracking and hot
ductility. The development of high-performance
materials and increasingly rigid standards for
quality, coupled with the juxtaposition of very
different materials in engineering assemblies, has
led to significant increases in the difficulty asso
ciated with producing satisfactory weldments.

The temperatures and steep thermal gradients
associated with welding produce high stresses
and complex transient stress patterns. These fac
tors often combine to produce cracking in the
weld and HAZ region. The rapid thermal cycle
associated with the welding process produces a
plethora of microstructures in the weld/HAZ re
gion, and weld metallurgical transformations as
sociated with heating and cooling become com
plex under the nonequilibrium conditions
associated with the welding process.

Goodwin (Ref 20) has pointed out that hot
cracking is an often-studied, yet poorly under
stood phenomena. Hot cracking results when a
susceptible microstructure is subjected to tensile
stresses, and it occurs while liquid and solid
phases coexist. A successful hot cracking test

must reproduce combinations of restraint and
microstructure that can be used to differentiate
the crack sensitivity of different materials (Ref
20).Several hot cracking tests are described in the
section "Weldability Tests for Evaluating Crack
ing Susceptibility" in this article.

Borland (Ref 21) described features required of
an ideal hot crack test-it should be inexpensive,
simple; brief, directly correlatable to fabrication
parameters and service conditions, reproducible,
free from operator error, and applicable to all
welding processes. In addition to these criteria,
the test should also produce easily interpretable
results, be amenable to modeling, be quantita
tive, and above all, be universally accepted (Ref
20). It is very difficult to conceive of a single test
that could satisfy all these criteria; however,
many investigators have found that the combina
tion of Varestraint or Varestraint-like testing and
Gleeble testing yields results that can be used to
provide a state-of-the-art characterization of
weldability.

Gleeble testing provides a complete charac
terization of hot ductility related to hot crack
susceptibility. In the Gleeble test, small cylindri
cal tensile samples are fractured during heating
or during cooling from specified temperatures.
Reduction-in-area and ultimate tensile strength
data are used to generate strength and ductility
curves upon cooling and upon heating. A num
ber of factors are important to the test, including
heating and cooling rates, peak temperatures,
hold times, and stroke rates. A number of inves
tigators have examined the effects of changes to
these parameters and found that the peak tem
perature of the test is by far the most crucial. The
magnitude of effects on other parameters is a
strong function of material and material condi
tion.

Weiss, Grotke, and Stickler (Ref 22) discuss the
physical metallurgy of hot ductility testing and
the use of the Gleeble in studying alloy weldabil
ity. Hot cracking is caused by the presence of
persistent liquid films on grain boundaries.
These films are unable to accommodate strains
that are produced by mechanical restraint
and/or transient thermal distributions during
cooling. Hot cracking will not occur unless a sus
ceptible microstructure is exposed to critical level
of restraint. Several characteristic temperatures
that can be used to classify material weldability
have been identified using the Gleeble. In hot
ductility testing, the nil temperature (NDT) is the
temperature upon heating at which the material
ductility goes to zero; in essence, the temperature
at which all surfaces are coated by a thin liquid
layer. The nil strength temperature (NST) is the
temperature upon heating at which the strength
of a material drops essentially to zero; in essence,
the temperature at which liquid layers thicken to



the point that minimal capillarity exists. The duc
tility recovery temperature is the temperature
upon cooling at which an arbitrary ductility is
observed.

Investigators have used a wide variety of crite
ria to interpret hot ductility curves produced us
ing the Gleeble. Nippes, Savage, and Grotke (Ref
23) published a classification of hot ductility
curves encountered during testing of stainless
steels and nickel-base alloys. The criteria most
widely used include minimum arbitrary ductil
ity, recovery rate of ductility, recovery rate of
ultimate strength, zero-ductility range, and the
presence of ductility dips (Ref24). Kreischer (Ref
25) published a critical review of hot ductility
testing and suggested that:

When the NST is used as the peak tempera
ture it provides much more accurate indica
tion of hot crack susceptibility than the NDT
Alloys exhibiting high ductilities upon heat
ing and rapid recovery of ductility upon cool
ing from the NST are crack resistant
Alloys with high tensile strength at elevated
temperatures can be crack resistant despite
low ductilities
Alloys with relatively low tensile strengths at
elevated temperature, in concert with only
moderate ductilities, are normally crack sensi
tive

Lin, Lippold, and Baeslack (Ref 26, 27) have de
tailed a methodology for quantifying crack suscep
tibility using the Gleeble hot ductility test.
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Chapter 3

Characterization of Welds*
Craig B. Dallam, The Lincoln Electric Company

Brian K. Damkroger, Sandia National Laboratories

WELDS CAN BE CHARACTERIZED accord
ing to a number of criteria, including the welding
process used, size, shape, mechanical properties,
chemical composition, and a number of others.
The appropriate methods of characterization de
pend on the weld's function and the particular set
of properties required for the application. In
some instances, the ability of a weld to function
successfully can be addressed by characterizing
the size or shape of the weld. An example of this
iswhere factors related to the welding procedure,
such as inadequate weld size, convexity of the
bead, or lack of penetration, may cause a weld to
fail. In other cases, it is important to characterize
metallurgical factors such as weld metal compo
sition and microstructure. Examples might in
clude welds for which the goal is to avoid failures
due to inadequate strength, ductility, toughness,
or corrosion resistance. In general, the goals of
weld characterization are to assess the ability of a
weld to successfully perform its function, to thor
oughly document a weld and welding procedure
that have been demonstrated to be adequate, or
to determine why a weld failed.

In the first part of this article, characterization
of welds will be treated as a sequence of proce
dures, each more involved than the last and con
cerned with a finer scale of detail. Initially, non
destructive characterization procedures will be
the focus. The first level of characterization in
volves information that may be obtained by di
rect visual inspection and measurement of the
weld. A discussion of nondestructive evaluation
follows. This encompasses techniques used to
characterize the locations and structure of inter-

nal and surface defects, including radiography,
ultrasonic testing, and liquid penetrant inspec
tion.

The next group of characterization procedures
discussed are destructive, requiring the removal
of specimens from the weld. The first of these is
macrostructural characterization of a sectioned
weld, including features such as number of
passes; weld bead size, shape, and homogeneity;
and the orientation of beads in a multipass weld.
Macroscopic characterization is followed by mi
crostructural analysis, including microsegrega
tion, grain size and structure, the phase makeup
of the weld, and compositional analysis.

The third component of weld characterization
is the measurement of mechanical and corrosion
properties. The goal of any weld is to create a
structure that can meet all the demands of its
service environment. In many cases, the best way
of assessing the performance of a weld is to estab
lish its mechanical properties. In addition to a
number of standard material tests, many me
chanical tests are directed specifically at deter
mining a weld's capabilities. Examples of me
chanical properties typically characterized for
welds include yield and tensile strength, ductil
ity, hardness, and impact or fracture toughness.
Corrosion testing is often employed in situations
where a welding operation is performed on a
corrosion-resistant material, or in a structure ex
posed to a hostile environment. Although abso
lute corrosion performance is important, a major
concern is to ensure that a weld and its heat-af
fected zone (HAZ) are cathodic to the surround
ingmetal.

*Adapted fromASM Handbook, Volume 6, Welding, BrazingandSoldering, 1993,p 97-106
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A

c

Flllel weld

D

Bull weld

A

Lap weld Groove weld

Fig. 1 Schematics showing parameters ofcommonly used joint geometries. A, leg;N, smaller legsize (equal to size of weld); B,face; C.
root; D, toe; E,throat; F,penetration (equal to size of weld); G, face reinforcement; H, root reinforcement; I,size ofweld

Following the discussion of the charac
terization procedures, the second part of this ar
ticle will give examples of how two particular
welds were characterized according to these pro
cedures.

Nondestructive Characterization
Techniques

Externally Observed Macroscopic Features.
Several factors associated with the production
and performance of welds are macroscopic and
easily observed. The most obvious of these are
the size, shape, and general appearance of the
weld. To a large extent, these parameters depend
on the geometry of the weld joint and the weld
ing process selected. Figure 1 shows schematic
representations of fillet, lap, butt, and groove
welds, in which a number of features (defined in
Table 1) are labeled.

Methods of Characterization. The primary
tools used in the external macrocharacterization
of a weld are the unaided eye and a hand lens. A
number of macrocharacterization parameters
(for example, weld location, size, shape, and gen
eral uniformity) can be assessed by visual inspec
tion. Figure 2 shows top-view maerographs of
two welds that illustrate several of these consid
erations. In many cases, the presence of gross
defects such as hot cracking or porosity may also
be detected by visual inspection and a top-view
photograph. Additional examples of factors in
cluded in overall weld bead appearance include

Table 1 Nomenclature for fillet, lap, butt, and
groove welds

Feature Definition

Face Exposed surface of a weld on the side
from which the welding was performed

Root Points, as shown in cross section, at which
the back of the weld intersects the base
metal surface

Leg Shortest distance from root to toe in a
fillet weld

Toe Junction between the weld face and the
base metal

Throat Shortest distance from root to face in a
fillet weld

Penetration Depth a groove weld extends into the root
of a joint, measured on the centerline of
a root cross section

Reinforcement Weld metal in excess of the specified weld
size

Face reinforcement Reinforcement at the side of the weld
from whichwelding was performed

Size (groove weld) Joint penetration (depth ofroot
preparation) plus the root penetration
(when specified)

Size (filletweld) Leg of the largest isosceles right triangle
that can be inscribed within the fillet
weld cross section

Source: Ref 1

distortion, discoloration due to inadequate
shielding or excessive heat, undercut, excessive
crater size, and uneven bead width. In fillet
welds, a number of performance aspects can be
affected by the relative geometry of the joint.
Fillet gages can be used to determine the size of a
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weld, the curvature of the face, and the length of
the weld legs.

GeneralConsiderations. Most types of welds will
be evaluated with respect to specific macrochar
acteristics deemed to be either desirable or unde
sirable. However, a number of general considera
tions apply to mo st types of welds.These include:

Size: The size of the weld should be appropri
ate for the part (as an example, a general rule
for fillet welds is that the ratio ofleg size/plate
thickness should be between 3:4 and 1:1).
Location:An incorr ectly located butt weld may
not allow the part to function correctly. A less
extreme example is a fillet weld with unequal
leg lengths, leading to an uneven stress distri
bution and perhaps lamellar tearing.
Uniformity: Distortion, the probability of slag
entrapment on multipass weld s, and uni
formity of load-carrying ability all depend on
the relative uniformity of the weld .
Defects:Ideally, a weld should be free of mac
roscopic defects. COllUTIon defects include un
dercutting, lack of fusion, pinhole porosity,
and slag entrapment.
Face Shape: A weld should have a relatively
flat face. If the weld is too convex, stress will
be concentrated along the toe of the weld.
Conversely, a highly concave weld face will
result in locally high stresses in the throat
region of the weld.

Defects. The presence of surfa ce or internal de
fects can degrade the performance of a weld that
may appear to be soun d in a cmsory examina 
tion. The causes and means of preventing defects
are covered in Ref 2 to 4. Typical defects found in
welds include:

Porosity
Undercut
Overlap
Lack of penetration
Lack of fusion
Shrinkage voids
Crater cracking
Melt-through or burn-through
Subsolidus or hot cracking
Inclusions due to entrapped slag, tungsten
electrode pieces, or defects present in the star t
ing material

A number of techniques are widely used to
assess the pr esence of surface and subsurface de
fects in welds. The mo st common of these are
liquid penetrant inspection for surface cracks,
magnetic particle inspection, x-ray radiography,
and ultrasonic inspection. Penetrant inspection
involves the application of an indicator fluid that
has a surface tension sufficiently low to be drawn
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(a)

(b)

Fig. 2 Macrographs show ing top view of fillet welds. (a) Verti
cal we ld in type 304L stainless steel (note convexity of

bead and nonuniform regions). (b) Horizontal E7024 w eld (note
weld placement and lack of uni formity)

into surfa ce cracks too small to be detected visu
ally. The excess dye or fluor escent material is
then removed from the surface, but it remains in
and highlight s the cracks when a develop er is
applied . Figure 3 shows cracks in a flux-cored arc
weld highlighted by dye penetrant inspection.
Table 2 lists the characteristics of several types of
nondestructive inspection techniques, Additional
information is available in the chapter "Inspection
and Evaluation ofWeldments" in this book.

X-ray radiography is used to detect internal
defects such as porosity or inclusions; these de
fects show up because of the difference in x-ray
absorption between the matrix and defect mate-
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Table 2 Guidelines for selecting techniques

Technique Equipment requirements Defects detected Advantages Limitations Comm ents

Used on root pas s of
highly critical pipe
welds; indications
may be misleading
on poor!y prepared
sur faces

Popul ar technique for
sub-surface
insp ection

Test from two
perpend icular
d irections to detect
any indications
pa rallel to one set of
magnetic lines

For magnet ic
materials; sur face
roughness may
dis tor t magn etic
field; not
permanent

Extremely sensitive;
complex weld
ments restrict usage;
can be used on all
materials

Defects op en to the Detects small sur face Time-consuming;
surfa ce only; good imperfections; easy not perman ent
for leak det ection application;

inexpensive; use on
magn etic or
nonm agnetic
material: low cos t

Indicates
d iscontinui ties not
visible to the naked
eye; useful for
checking edges
before weldin g; no
size Iintitations

Provid es perman ent Usually not suitable
record of sur face and for fillet weld
internal flaws; insp ection; film
appli cable to any exposure and
alloy pro cessing critical;

slow and expens ive
Highly skilled Requir ed by some

interpreter required; specifications and
not permanent codes

Most internal
discontinuities
and flaws; limited
by directi on of
discontinuity

Can locate all
internal flaws
located by other
meth ods, as well
as small flaws

Surface and near
sur face
d iscontinuities:
cracks, porosity,
slag

Ultra sonic units and
probes; reference
pa tterns

X-ray ory-ray; film
pro cessing and
viewing equipment

Wet or dry iron
particles, or
fluorescent; special
po wer so urce;
ultr aviolet light for
fluorescent dyes

Fluorescent or visible
penetrati on liquid s
and developers;
ultraviolet light for
fluorescent dyes

Radiographic
insp ection

Ultra sonic
inspe ction

Magnetic
particl e
insp ection

Liquid
penetrant or
fluore scent
penetrant
insp ection

Source: Ref5

Fig. 3 Surface cracks in a flux-cored arc weld highlighted by
dye penetrant inspection

porosity. For example, one section of API 1104
can be summarized as follows:

Slag inclusions-50 mm (2 in.) maxi
mum length for elongated slag inclusions,
50 nun (2 in.) limit per 305 nun (12 in.) of
weld, 1.6 nun (lIl6 in.) width limit per elon
gated slag inclusion. Isolated slag inclu
sions, 13 mm (liz in.) per 305 mm (12 in .) of
weld, width greater than 3.2 mm (lis in .),
105 mm (4% in.) isolated slag inclusions
per 305 mm (12 in.) of weld. Aggregate
length of isolated slag inclusion indica 
tions may not exceed two times the thin
ner of the nominal wall thickness and the
width may not exceed one-half the thinner
of the wall thicknesses joined.

rials . Although a number of factors affect the
resolution level of radiographic techniques (Ref
5, 6), the minimum size of defects considered in
AWS specifications is 0.4 nun (0.0156in .). In prac
tice, this refers to slag entrapment and large in
clusions that were pre sent in the starting mat e
rial. Defect structures are usually quantified by
comparison with an existing standard, of which
several exist. An example of such a standard is
American Petroleum Institute (API) 1104 (Ref 7),
a pipeline welding specification. The API 1104
standard includes criteria for acceptance of steel
welds based on a number of defects, including
inadequate penetration, incomplete fusion, inter
nal conca vity, burn-through, slag inclusion s, and

Other examples include ASTME390 (Ref8),which
contains reference radiographs for steel welds and
the "Structural Welding Code " (Ref 9), which in
cludes a group of radiographic plates showing
defect patterns for rounded inclusions correspond
ing to grade 1 and grade 2 quality levels. Several
industries and product categories have applicable
specifications and standards. A number of these
are given in Ref 5.

Ultra sonic testing can also be used to locate
internal defects, including porosity and inclu
sions. Ultrasonic testing involves transmitting
mechanical vibrations through a piece of metal
and analyzing both reflected and transmitted vi
brations. Vibrations interact with discontinuities
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Sectio n par a llel to the
soli difica tIOn front

Longitudinal section

Tran sverse section

Fig.4 Typica l sections used in the rnetall ograph ic exa mina tion of weld ed joints

(a)

Fig. 5 Typ ica l mu ltipass arc we lds in stee ls used in struc tura l applica tions. (a) Subme rged arc we ld on a 25 mrn (1 in.) thick A 36 struc
tura l stee l; the mushroom shape of the last bead is typica l of weld s produ ced by this process. (b) Flux-cor ed a rc we ld on a 50 mrn

(2 in.) thick A 53 7 stee l used in pressure vesse l and struc tura l applica tions (the last layer was made with seve ra l sma ll passes to improve
mech anical propert ies)

on the med ia through which they are passing, so
the operator can detect voids, inclusions, and
other internal interfaces. Table 2 includes ultra
sonic testing , and Ref 5 lists a number of example
specifications and detailed references .

Internal Characterization Requiring
Destructive Procedures

This section briefly covers macrostructural and
microstructural characterization and composi
tional analysis. These procedures are usually
based on a cross section of the weld, referred to

as a tran sverse section. The transverse section
may be supplemented by the top -view photo
graph, the longitudinal section, and the normal
section (Fig. 4). In particular, the top-view photo
graph will depict the general appearance of the
weld, illustra ting surface irregularities, spatter,
or macroscopic defects such as hot cracking or
porosity.

We ld Macr ostructure

Figures 5(a) and 5(b) show transverse sections
of two welds, a submerged arc weld made on a 25
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Table 3 Description offerrite/carbide microconstituents inlow-carbon steelwelds

MlaoolDstiluent

Primary ferrite
Grain boundary ferrite

In tragranular polygonaI ferrite

Ferrite with second phase
With aligned second phase

Withnonaligned second phase

Ferrite/carbide aggregate
Acicular ferrite
Martensite

Description

Proeutectoid ferrite that grows along the prior-austenite grainboundaries. It is equiaxed
or polygonal, and it may occur in veins

Polygonal ferrite that is not associated with the prior-austenite grain boundaries. Much
larger than the average width of the surrounding acicular ferrite laths

Parallel ferrite laths. Further classifications are Widmanstatten ferrite and upper/lower
bainite

Ferrite that completely surrounds either equiaxed, randomly distributed microphases, or
solitary ferrite laths

Fine ferrite/carbide structures, including pearlite
Small nonaligned ferrite grains found within prior-austenite grains
Martensite colony larger than adjacent ferrite laths

mm (1in.) thick ASTMA 36steel and a flux-cored
weld made on a 50 mm (2 in.) thick ASTMA 537
steel. Readily apparent features include the num
ber of passes and number of layers, fusion zone
area, weld aspect ratio, extent of penetration, face
width, and the reinforcement and curvature of
the top bead. A transverse macrosection will also
show any gross porosity or large inclusions pres
ent in a weld and the extent of the HAZ. It is
important to note that quantitative measure
ments of weld features made based on a trans
verse section will be accurate only if the section is
properly done. Potential errors, sectioning proce
dures, and sample preparation techniques are
discussed in Ref 10.

Weld Microstructure

In many cases, it is important to examine and
characterize the weldment microstructure and to
understand its formation and effects on proper
ties. This is the case when the materials and proc
esses involved are not well characterized, so
specifications have not been established. Other
problems arise where the potential exists for the
formation of detrimental microconstituents
and/or where the consequences of weld failure
are severe. Welding of high-strength or brittle
materials are typical examples.

The microstructure of a weld consists of three
regions: a fusion zone (material that has been
melted); a heat-affected zone (material that was
not melted, but whose microstructure has been
altered); and the base metal. These three regions
can be seen in the transverse section shown in
Fig. 5(b). Weld microstructures are examined us
ing standard specimen removal and preparation
techniques, with some concessions made for their
inhomogeneous nature (Ref 10). Similarly, the
parameters used to characterize the weld micro
structures, such as grain size, grain morphology,
and the amount of the various phases or micro
constituents present, are those used to charac
terize monolithic materials. The equipment, pro-

cedures, and techniques used are well described
in Ref 10.

Special importance may be attached to one or
more specific features of a weld microstructure.
An example is the classification of ferrite and
carbide microconstituents in a low-alloy steel
weld. The various morphologies included in a
characterization of a low-alloy steel weld are
listed in Table 3. In these welds, a large amount
of acicular ferrite is associated with high tough
ness levels, whereas martensitic or bainitic micro
structures have much lower toughness levels.
Bainite and martensite are also associated with
higher effective cooling rates, so decreasing the
weld metal manganese content, or reducing the
cooling rate with increased heat input or preheat,
will increase the amount of acicular ferrite and
improve weld metal toughness.

Microstructural characterization of welds has
two purposes: to evaluate the microstructure
with respect to properties and to relate the micro
structure to the process used. The ultimate goal is
to optimize the process to produce the most de
sirable microstructure. In general, the effects of a
process and parameters on microstructure are
due to the compositional and thermal effects.The
compositional effects are largely limited to the
fusion zone and will be discussed in the next
section. Thermal cycles affect both the fusion
zone and HAZ. Microstructural development in
the HAZ has been the subject of much study, and
a number of computational tools have been de
veloped specifically for the prediction of HAZ
microstructures (Ref11).

Composition ofa Weld

The composition of a weld will have a signifi
cant effect on its performance, contributing to
both the mechanical and corrosion properties of
the weld. In some instances, the effects can be
drastic, such as sensitization of stainless steel or
changing the ductile-to-brittle transition tem
perature of ferritic steels by an amount sufficient



to cause brittle failure under normal use. In a
number of cases, particular elements will govern
the propensity toward certain defects or behav
ior. For example, a low-alloy steel weld with a
carbon equivalent of over 0.4% is considered to
be a high-carbon deposit, and it is treated differ
ently than a low-carbon weld. Similarly, deposit
silicon levels in excess of approximately 0.4%are
often associated with a defect called "hollow
bead," where the root pass in a pipe weld made
with a cellulosic electrode has a continuous pore.
In general, care must be taken to either minimize
the compositional changes associated with weld
ing or to factor the composition and property
changes into the design.

Factors Affecting Weld Composition. The
composition of a weld is affected by the base
metal composition, the composition of any filler
metal used (and dilution between the two), reac
tions with flux or shielding gas, and any material
losses associated with the process. These factors
are, in turn, largely controlled by the welding
setup, process selection, parameters, and stabil
ity. The Schaeffler diagram (Ref 12) for stainless
steels is an example of compositionbeing control
led by dilution. The weld metal composition and
microstructure are predicted based on the "fer
rite stabilizer" and the "austenite stabilizer" con
tent of the base metal, the nickel equivalent and
chromium equivalent of the filler metal, and the
level of dilution. The microstructure will be pre
dicted as martensitic, ferritic, or austenitic, and
the level of ferrite in the weldment will be esti
mated. In these welds, ferrite numbers below 4
indicate microstructures in which low-melting
point compounds may be formed at the grain
boundaries, and the welds can be prone to hot
cracking. Conversely, welds with ferrite numbers
above 10 have reduced corrosion resistance and
can be susceptible to the formation of o phase at
high temperatures (Ref 13). The Schaeffler dia
gram has been revised many times for adaptation
to different alloy modifications. An example is
the inclusion of nitrogen in the nickel equivalent.
Many stainless steels often contain small
amounts of nitrogen, and in fact some stainless
steels are deliberately strengthened with nitro
gen additions. Other modifications include cop
per in the nickel equivalent and vanadium and
aluminum in the chromium equivalent (Ref14).

An example of the effect of flux on weld metal
composition is seen when low-carbon steel is
welded with E6010 and E7018 electrodes, using
identical parameters. Although the core wire
composition of the two electrodes is identical, the
E6010 electrode will produce a deposit with ap
proximately 0.15 to 0.25%Si, and the E7018elec
trode will produce a deposit with 0.5 to 0.6% Si.
An example of a procedure-related effect is seen
when the arc length is changed for welds made
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with an E7018electrode. Arc length changes can
alter the silicon content from 0.3 to 0.6%,and they
can alter the manganese content from 0.8to 1.3%.

Measurement Techniques and Procedures.
The usual techniques for compositional analysis
of metallic samples can be used on welds and are
covered in Ref 15.However, some considerations
must be made when dealing with welds, because
of their inhomogeneity. The most commonly
used method for compositional analysis of welds
is optical emission spectroscopy, where a spot of
material (typically 6 mm, or 1,4in., in diameter) is
ablated off the surface of the specimen and the
light emissions are analyzed. In many welds, a
spot this size will encompass several passes in a
multipass weld, and it will perhaps encompass
weld metal, HAZ, and base metal in a single-pass
weld. An average composition over this large an
area may not address local effects, for example,
sensitization of stainless steel.

Welds are prone to both macrosegregation and
microsegregation, and the properties may be
governed by the composition in a very local
region. A thorough characterization of welds
requires techniques with sufficient spatial reso
lution to characterize their inhomogeneity.
Scanning electron microscopy with wavelength
or energy dispersive x-ray analysis systems, elec
tron microprobes, and x-ray fluorescence tech
niques are often employed. Often, a number of
closely spaced analyses are made along a line
traversing a weld. This data may thenbe coupled
with a similar microhardness traverse and mi
crostructural analyses to characterize the vari
ation across the weld. Thorough treatments are
contained in Ref 16.

Mechanical Testing

A number of mechanical properties are used to
characterize welds, including strength, ductility,
hardness, and toughness. In general, the same
samples and procedures are used in other areas
of metallurgy (Ref 17). However, a prominent
concern regarding the mechanical performance
ofwelds is the direct comparison with base mate
rial. The goal is to ensure that the weld is not the
weakest component of a structure, or if it is, to
compensate for this in the design.

Strength. Yield and tensile strength are meas
ured for all-weld-metal specimens using a stand
ard tensile test (Ref 18), but with specimens re
moved from test plates welded according to
AWS-specified procedures (Ref 19). These tests
form the basis for the assignment of yield and
ultimate strength values to welds made using a
specific electrode and according to a set proce
dure. Additional tests are sometimes performed
to compare the base metal and weld metal
strengths. An example of this type of test is the
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Table 4 Parameters (not standard procedure) used to obtain multipass weld in 1.07 m (42 in.) diameter
X-65steel pipe

Pas. Diameter Wire feed Current, Voltage, Travel speed
Process No. Electrode mm 10. mmls in./s A V mmts in.lg

SMAW 1 E8010-G 4.0 0.16 150 26-28 5.9-7.2 2.3-2.8
2 E801O-G 4.0 0.16 180 26-28 5.9-7.2 2.3-2.8

FCAW 3 E71T8-K6 1.73 0.068 47 1.9 200 19 4.5 1.8
4 E71T8-K6 1.73 0.068 47 1.9 200 19 4.0 1.6
5 E71T8-K6 1.73 0.068 47 1.9 200 19 4.0 1.6
6 E71T8-K6 1.73 0.068 47 1.9 200 19 4.7 1.9
7 E71T8-K6 1.73 0.068 47 1.9 200 19 5.9 2.3
8 E71T8-K6 1.73 0.068 42 1.7 180 18 4.2 1.7
9 E71T8-K6 1.73 0.068 42 1.7 180 18 4.5 1.8

Additional specifications include: 12.7 mm (0.50 in.) wall thickness; 1.59 mm (0.0625 in.) land; 1.59 mm (0.0625 in.) gap; 600 bevel in
groove; vertical down position; preheat and interpass temperature of 150 DC (300 oF)

transverse tensile test, in which the specimen is
removed from the weld so that the loading axis is
perpendicular to the weld bead and the weld
reinforcement is left intact. The goal of this test is
to verify that overload failure will occur in the
base metal rather than in the weld metal or HAZ.

Ductility is another critical weld property. In
addition to defects, many welding processes can
produce hard, brittle microstructures. The stand
ard measures of ductility-percent reduction in
area and percent elongation-are obtained in a
uniaxial tensile test. Another test often specified
for welds is a bend test (face bends, root bends,
and side bends). In this test, a strip of material
containing a weld is deformed around a specified
radius and its surface is examined. The criteria
for success or failure are the number and size of
defects seen on the outer surface of the bend. An
example of bend test criteria is the AWS "Struc
tural Welding Code" (Ref 9), which calls for
bending around a 19 mm (0.75 in.) radius for
materials with yield strengths less than or equal
to 345MPa (50ksi), a 25 mm (1 in.) radius for 345
to 620 MPa (50 to 90 ksi) materials, and a 32 mm
(1.25in.) radius for materials with yield strengths
greater than or equal to 620 MPa (90ksi).

Hardness. One common use of hardness val
ues in weld specifications is as a check for the
formation of microstructures that might have
low ductility and toughness and thus are prone
to cracking. For example, in pipeline steels, the
formation of martensite in the HAZ is a cause for
concern because of the potential for cracking.
This is addressed by specifying maximum values
for microhardness traverses across several sec
tions of the weld. Hardness values are also used
as an indicator of susceptibility to some forms of
stress-corrosion cracking.

Toughness is the ability of a material to absorb
energy during fracture. There are two ap-

proaches to toughness testing: impact toughness
testing and fracture mechanics testing.

Impact Toughness Testing. To test impact tough
ness, a sample of specified geometry is subjected
to an impact load, and the amount of energy
absorbed during fracture is recorded. Usually the
specimen is oriented so that the notch and ex
pected plane of fracture run longitudinally
through the weld metal. Charpy tests do not
measure an inherent material property, but they
result in a relative measure of impact toughness
between materials. A very common use of the
Charpy test is to determine a material's ductile
to-brittle transition temperature by performing
tests at several different temperatures. AWS A5.1
(Ref19)gives minimum Charpy impactvalues, at
several temperatures, for welds made on carbon
steel using a number of different electrodes.

Fracture Mechanics Testing. The second type of
toughness testing is based on fracture mechanics,
and it can use either linear elastic or elastic-plastic
methodologies. Although elastic-plastic behavior
(fIe) is becoming of interest in some cases, the
bulk of fracture mechanics testing is based on
linear elastic considerations. These tests, using
specimens and procedures given in ASTM E 399
(Ref20),are used to measure a material's fracture
toughness (KIc), which is a material property. In
the case of welding, fracture toughness is usually
expressed using a value for crack tip opening
displacement (Ref21).Fracture toughness testing
has only recently begun gaining acceptance as
applicable to welds. The major shortcomings of
this approach include the complexity and cost of
testing and the wide variability in fracture tough
ness values for weld metal, due largely to the
inhomogeneous nature of welds and residual
stress effects.

Weldments do not require a different set of
parameters, specimens, or equipment for tough
ness testing; however, there are special problems
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(a)

(b)

Fig.6 Defects in a multipassweld made on a 107 m (42 in.) diameter X-65 steel pipe. (a) Exterior view show ing lack of uniform ity (right
arrow) and undercut (left arrow). (b) Interior view show ing lack of penetration (right arrow) and burn-through (left arrow)

for the testing of weldments that are not con
tained in the other standards. Weldments have a
composite of materials starting in the base metal,
going through the heat-affected zone and into the
weld metal. Such things as the placement of the
notch for the sampling of the correct material, the
precracking procedure to get the crack to grow in
an acceptable manner, and handling of such
things as distortion and residual stresses will be
covered in an upcoming ASTM Standard under
development. The parts that are common with
the other standards will not be covered in this
method, but the tester will be referred to the other
standards to complete the testing and analysis
after the special problems inherent to the testing
of weldments have been taken care of. This stand
ard presently needs additional verification before
it is proposed for standards balloting.

Weld Characterization Examples

In this section, two welds will be analyzed to
serve as examples of techniques discussed thus
far in this article. The first of these welds is a
multipass shielded metal arc weld/flux-cored
arc weld made on pipe steel for an industrial
application. This type of weld would typically be
made in great quantity. In practice, it would be
characterized largely on the basis of its external
appearance, perhaps supplemented by nonde-

structive testing. The initial characterization of a
weld and procedure, however, would be based
on chemical composition and mechanical proper
ties. Primary concerns are whether the weld be
ing examined is representative of a normal weld
of this type and can thus be reasonably well de
scribed based on the materials, process, and
specifications involved in its production. The
bulk of the actual characterization of such a weld
would be done during the development and cer
tification of the initial process to determine its
suitability for the intended application.

The second example is a weld used for a very
specific application. This weld is a butt weld
made on Ti-6AI-4V, with a tantalum shim in
serted between the base metal sections. Among
the requirements for this weld are that it have
microstructural and property homogeneity and
stability at elevated temperatures and that it be
cathodic to the base metal under unusual and
extremely severe environmental conditions. In
this case, the concerns center less on the eventual
application and more on building a thorough
database regarding the metallurgical and micro
structural characteristics of the weld.

Example 1: Multipass Weld in a 1.07 m (42 in.)
Diameter X-65 Pipe. This weld is a circumferen
tial weld on a 12.7 nun (0.50 in.) thick, 1.07 m (42
in.) diameter X-65pipe. The X-65material is des
ignated by API as a pipe steel with at least 448
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Fig. 7 Radiograp h showing positive image of macrosco pically visib le defects in the X-6S pipe stee l of Fig. 6. See Fig. 6 for de signation
of specific defects.

MPa (65 ksi) yield strength and 566 MPa (82 ksi)
tensile strength. This type of we ld is typical for a
large oil or gas pipeline . However, for this exam
ple, procedures were deliberately selected to pro
duce a weld with a range of defects . These proce
dures, given by Table 4, are not representative of
standard practice.

Yisua!Obsenmtion. The weld was initially char
acterized by visual observation. From the top of
the joint, the size and uniformity of the weld and
undercut can be observed (Fig. 6a). From the
underside, spatter, lack of penetration, and inter
na l undercu t can be seen (Fig. 6b).

Nondesiructioe eualuntion was then used to ex
amine the weld for internal and surface defec ts.
Slag entrapment and lack of fus ion are typical
internal defec ts for this type of we ld, and they can
be seen in the radiograph shown in Fig. 7. Figure
7 also shows the external defects noted during
visual observation. In addition to nondestructive
evaluation, other tests that highlight defects (for
example, "nick-break" tests and face or root bend
tests) can be run, but these were not used in this
case . Similarly, ultra sonic testing, magnetic parti
cle testing, and penetrant testin g were not used in
this characterization.

WeldMacrostructure. Des tru ctive evaluation be
gins by removing a transverse section from the
weld and preparing it for metallographic exami
nation (Fig. 8). The welding pa ss sequence (that
is, number and size of passes, number of passes
per layer, amount of penetration, and extent of
HAZ) is apparent. In addition, any gross defects

Fig 8 Transverse section of the X-6S pipe stee l shown in Fig. 6
• and 7. Pores in passes 3. 4, 6, and 8 were ca used by in-

lentionally varying the e lec trode stlckout.

present in the sectio ning plane are visib le. In this
example, nine passes were made, three layers
with one pass and three with two passes. Figure
8 also shows four small pores, one each in the
third, fourth, sixth , and ninth pa sses. In this case,
the porosity was induced by deliberately varying
the electrode stickout.

Weld Metal Composition. Compositional analy
sis of the we ld was performed at this point. For
this application, the bulk, or average, composi
tion of the weld is of the most interest. The bu lk
composition of the weld was measured using an
emission spectrometer, and the results are given
in Table 5. The interstitial content of the we ld is
also of interest, and the levels of oxygen and
nitrogen were mea sured with dedicated instru
ments. The oxygen level of the weld wa s found to
be 110 ppm and the nitrogen level, 330 ppm. For
some welds, techniques can be used to map com-

Table 5 Bulk co mposition of we ld in 1.07 m (42 in.) diameter X-65 steel pipe

Composition, wl. %
Samp le C Mn Si AI Ni Cr Mo Ti V Nb

Weld metal 0.062 0.85 0.22 0.76 0.65 0.02 0.02 0.011 0.008 0.003
Base me tal 0.093 1.35 0.21 0.02 0.02 0.04 0.00 0.02 0.069 0.033
Electr od es:

E8010-G 0.14 0.70 0.20 om 0.73 0.02 0.07 0.008 0 0
E71T8-K6 0.056 0.91 0.24 0.95 0.97 0.02 0.01 0.002 0 0
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(b)

Fig. 9 M icrostructur e obtained in selected regionsof the trans
verse section of the X-65 pip e steel of Fig. 8. (a) Non-re

heated weld metal. (b) Reheated weld metal. (c) Heat-affected
zone. All 250x

r-,

"

Fig. 10 Plot of load versuselongation for all-weld-melaltensi Ie
test of a 6.4 mm (0.25 in.) diamet er specim en taken

from the 1.07 m (42 in .) diam eter X-65 steel pipe

removed and used for mechanical testing. For
this application, the pertinent mechanical tests
are tension tests (transverse and all-weld-metal),
Charpy impact tests, fracture toughness tests,
and a microhardness traverse. A transverse ten
sile test is primarily used to ensure that the
welded joint is not the weak link in the final
structure. In this case, a 305 x 32 mm (12.0 x 1.25
in.) specimen was removed from the pipe, the
long axis perpendicular to the weld bead. The
specimen was loaded to 247 kN (27.8 tonf) and
failed in the base metal. Based on a weld cross
sectional area of 5.08 cm2 (0.787 in.2) , a minimum

positional variations within the weld. In this case,
the bulk composition, measured at the weld cen
ter, is considered adequate to characterize the
weld.

WeldMicrostructure. The transverse section was
also used for examination and characterization of
the microstructure of the weld. Figure 9 shows
micrographs of different regions of the weld. Fig
ure 9(a) shows weld metal that has not been re
heated by successive passes. Figure 9(b) shows
weld metal that has been reheated and has a finer
structure than the non-reheated weld metal. Fig
ure 9(c) shows a location in the HAZ that closely
resembles the structure seen in the reheat zone.
The important parameters to characterize for this
type of weld are the percentage of reheat zone,
the relative amount of various microconstituents,
and the average grain size . In the example weld,
the weld metal is approximately 80% reheat
zone. In the non-reheated zone (Fig. 9a), quanti
tative microstructural analysis showed that the
structure consisted of 20% grain boundary fer
rite, 20% intergranular polygonal ferrite, 16%
acicular ferrite, 32% ferrite with an aligned sec
ond phase, and 12% ferrite with a nonaligned
second phase. No martensite or ferrite-carbide
aggregate was found.

MeclllllliCilI Testing. Following the charac
terization of the microstructure, specimens were
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Fig.ll
another.

Schematic showing location and orientation of Charpy V-notch specimens taken from the 1.07 m (42 in.) diameter X-65 steel
pipe. Although inset shows widely spaced samples for the sake of clarity, actual samples removed are typically adjacent to one

weld tensile strength was calculated as 487 MPa
(70.6ksi).

An all-weld-metal tensile test was run using a
specimen removed from the bead so that its load
ing axis was parallel to the weld direction. In this
case, the weld was aged prior to testing, with the
heat treatment being 48 h at 104°C (220 OF). The
results of the tensile test are shown in Fig. 10. The
yield strength was found to be 520MPa (75.4ksi),
the ultimate strength 594 MPa (86.1ksi), and the
percent elongation 30%. With respect to a typical
vendor specification for this type of weld, these
values indicate that the weld is adequate.

Charpy V-notch impact specimens were re
moved from the weld as shown in Fig. 11. For this
type of application, tests are usually run at only
one temperature, dictated by a specification
and/or past experience. For a full charac
terization, however, tests will be run over a broad
enough range to clearly establish the upper- and
lower-shelf energy levels and to identify the duc
tile-to-brittle transition temperature (DBTI). For
this example, tests were run at several tempera
tures, and the results are shown in Fig. 12. This
figure clearly shows that the upper shelf energy
is approximately 200J(150ft -Ibf), the lower shelf
2 J (1.5 ft ·lbf), and the DBTI -10 °C (14 OF).

Fracture toughness specimens were removed
from the weld in an orientation similar to that of
the Charpy specimens. As with Charpy tests,
fracture toughness specifications usually require
a certain value at a given temperature, usually
the minimum service temperature. Crack tip
opening displacement tests were conducted at
--45°C (-50 OF) on three specimens removed from
the example weld. The results were found to vary
from 0.137 to 0.322 mm (0.005 to 0.013 in.), with
the average being 0.229mm (0.009 in.), Figure 13
shows the fracture surface of one of the test speci
mens, on which the ductile fracture mode and
overload zone can be clearly seen.

In addition to the previous mechanical tests,
microhardness testing is often used for this type
of weld. The primary purpose of microhardness
testing is to check for the presence of martensite
in the HAZ. Figure 14 shows a schematic of the
example weld and the location and values of
several microhardness tests. In this case, none of
the values exceeded 240 HV, the level associated
with the presence of martensite.

Typically, this type of pipe weld is charac
terized with respect to stress-corrosion cracking
resistance. In addition, testing is often performed
to characterize the HAZ toughness.
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Fig. 12 Charpy V-notch impact energy test result s used to obtain ducti le-to-bri ttle transit ion temperature (- 10 °C, or 14 OF) for the 107
m (42 in .) diameter X-65 steel pipe

Fig.1 3

zones.

M acrog raph o f the fracture surface of a crack tip opening di spl acement test speci men removed from the 1.07 m (42 in.) X-65
steel pipe . The region sof the surface shown co rrespond wi th the notch, precrack, stable crack growth, fast fractu re, and overlo ad

Example 2: Welding of 2.5 mm (0.100 in.)
Thick Ti-6AI-4V Sheet Using a 0.127 mm (0.005
in.) Thick Tantalum Shim. Figure 15 shows a
transverse section of a butt we ld, w here the base
metal is 2.5 mm (0.100 in.) thick Ti-6AI-4V and a
0.127nun (0.005 in. ) thick tant alum shim has been
placed in the joint. This we ld geometry was used
in a study of the effect of dilution on the micro
structures and properties of dissimilar metal
we lds of titanitun to refractory metals. The ques
tions to be answered in the characterization of
this we ld were:

How uniformly would tile tantalum be dis
tributed in the weld pool?

How accura tely could the comp osition of the
weld pool be predicted based on diluti on cal
culations?
What ph ases and microconstituents are pres
ent in the weld metal?
What are the mechanical prop erties of tile
weld metal?

In addition, a number of very app lication-specific
corrosion and eleva ted-temperahi re tests we re
performed on the d issimilar metal welds. In con
trast wi th tile pipe weld of the first example, tile
primary tools used in this characterization were
macrostructural examina tion, comp ositional map-



52 / Weld Imperfect ions and Cracking

57

224

53 54 55 56
SEM stage posil lon, mm

SEM stage position , In.

2.09 2.13 2.17 2.20

~ -
f-- -o- AI

- TI
-b- V

r-- --Ta

~ ~ ...0

20

o
52

60

40

80

2.05
100

~o IJ~
....._------~-~-

Fig. 17 Optical micrograph of fusion zone obtained w ith the
Ti-6A I-4V sheet welded using a tantalum shim . Kroll' s

reagent was used as the etchant. M icrostructure consists of W id
rnanstauen a +Pand a' martensite.

Fig. 16 Elemental line scans of titanium, aluminum, vana
dium , and tantalum spanning the HAZ and fusion zone

of the 2.5 mm (0.100 in.) thick Ti-6A I-4V sheet welded using a
0.127 mrn (0.005 in.) thick tantalum shim

tion weld and a macroscopically homogeneous
and defect-free weld pool.

The properties of titanium alloys can be
strongly affected by the phases present in the
microstructure, which are largely controlled by
the weld metal composition. In this example, alu
minum stabilizes the hexagonal close-packed
(hcp) a and/or a' phases, and vanadium and
tantalum, the body-centered cubic (bee) pphase.
In titanium alloys, the composition can be ex-

Comp osition, at.%
Sample Ti V AI Ta eta ratio

Ti-6Al -4V 86.2 3.6 10.2 3.93
Ti-6Al -4V w eld ed to

Tan talum shim
Calcula ted 83.9 3.5 9.9 2.7 3.96
M easured 83.0 3.9 9.5 3.6 3.98

Table6 Composition ofTi-6AI-4Vrelative to that
ofTi-6AI-4Vplus tantalum weld metal

Fig.14 Mi crohardnessreadings(location in mult ipassweld in
dic ated by dots) below 240 HV ind icating that no

martensite structure ispresent in the 1.07 m (42 in.) X-65 steel pipe

Fig. 15 Mi crograph of transverse section of an electron-beam
we lded butt weld joinin g 2.5 mm (0.100 in.) thick Ti

6AI-4V sheet using a 0.127 mm (0.005 in.) thick tantalum shim
placed in the join t. Kroll's reagent was used asetchant.

ping, x-ray diffraction, tension testing of all weld
metal specimens, and microhardness traverses .

WeldMncrostructure. The weld shown in Fig. 15
was made with the electron-beam welding proc
ess, using sharp focus, 100 kV power, 16 to 25 rnA
current, and a travel speed of 12.7 mrn/s (30
in./min). As can be seen in the transverse section,
a full penetration weld was achieved using one
pass from each side of the weld. The transverse
section also shows that no obvious discontinui
ties exist in the weld pool and that the weld metal
micro structure is fairly uniform. Figure 15 also
suggests that the tantalum shim was completely
melted.

WeldMetalComposition. An initial examination
of the we ld metal composition was performed to
help assess the uniformity of the weld macro
structure. Figure 16 shows tantalum, titanium,
vanadium, and aluminum elemental scan lines
traversing the weld. These da ta were generated
using a scanning electron micro scope with en
ergy-dispersive spectroscopy capability, and
they confirm that the elements in question are
uniformly distributed throughout the weld pool.
Based on these analyses and the macrostructural
characterization, it was determined that this
combination of welding processes and parame
ters was successful in producing a full-penetra-
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Fig. 18 X-ray diffraction trace of fusion zone in Ti-6AI-4V sheet welded using a tantalum shim, showing peaks that identify hexagonal
structures
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Fig. 19 Microhardness traverse data in two locations for the Ti-
6AI-4V sheet welded using a tantalum shim. Data la

beled "2nd" refer to traverse over second pass of weld only. Data
labeled "both" indicate traverse across center of weld where two
passesoverlap (seeFig. 15).

metal. Aside from peaks from the specimen
mounting material, only peaks associated with a
hexagonal structure were detected.

Based on the compositional analysis, diffrac
tion results, and microstructural analysis, the
weld metal can be characterized as fl.' hexagonal
martensite. By comparison with Ti-6AI-4V base
metal and (no shim) weld metal, it was deter
mined that the weld metal could be treated as a
slightly more heavily stabilized variant of Ti-6AI-

pressed as an electron/atom (e/a) ratio, which
allows the phase stabilization effects of differ
ent elements to be combined. Table 6 lists the
calculated (based on dilution) and measured
compositions of the weld. This table shows that
the measured and calculated compositions
agree reasonably well. The measured alumi
num values are somewhat lower than the calcu
lations predict, perhaps due to some loss of alu
minum during the welding process. Of most
interest is that the measured and calculated e/a
ratios are 3.96 to 3.98. This compositional range
indicates that the weld metal microstructure
should be a', a hexagonal martensite structure
associated with good mechanical properties (Ref
20).

Weld Microstructure. The microstructure of the
weld was analyzed using optical microscopy,
transmission electron microscopy, and x-ray dif
fraction. Of particular interest were the structure
of any martensitic phase present and the possible
existence of (0, an ordered phase that can severely
embrittle the material. The composition of the
weld metal suggests that the structure will be a'
hexagonal martensite. Figure 17 shows an optical
micrograph of the fusion zone. Examination of
Fig. 17 and comparison with Ti-6AI-4V(no tanta
lum shim) welds further suggest that the weld
metal microstructure is a'. This was further sup
ported by x-ray diffraction and TEM data. Figure
18 shows an x-ray diffraction trace for the weld
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Table 7 Tensile properties of baseline Ti-6AI-4Vweld compared to Ti-6AI-4Vwelded using tantalum shim

Ultimate tenslle
Yield strength strength Young's modulus Maximum

Sample MP. ksi MP. ksl GP. IO·psi strain, %

Baseline 1 828 120 970 141 114 16.5 12.7
Baseline 2 787 114 960 139 127 18.4 12.3
Baseline average 807 117 965 140 121 17.5 12.5
Tantalwnweld l(a) 839 121.7 983 143 105 15.2 4.7
Tantalwn weld 2(a) 838 121.5 971 141 103 14.9 10.5
Tantalwn weld 3(a) 837 121.4 981 142 107 15.5 14.3
Tantalwn weld average 838 121.5 978 142 105 15.2 9.8

(a) Replicanls of Ti-6Al-4Vwelded to tantalwn shim

4V. This analysis allowed its properties and per
fonnance to be reasonably predicted.

Mechanical Testing. Microhardness traverses
and all-weld-metal tension tests were performed
on this weld. Figure 19 shows the results of two
microhardness traverses, one across the second
pass only/ and one across the middle of the weld
where the two passes overlap. Both traces are
very similar, and the hardness is fairly constant
across the fusion zone. These data confirm that
the weld metal is relatively homogeneous. The
hardness of the fusion zone is slightly high than
that of the base metal, as would be expected be
cause of the martensitic structure and slightly
higher ~-stabilizercontent.

The tensile testing further confirmed that the
weld metal could be considered to be a more
heavily stabilized variant of Ti-6AI-4V. Table 7
compares the results of tensile tests performed on
a baseline Ti-6AI-4V (no shim) weld with those of
tests performed on the example weld. As the data
show, the tantalum-containing weld had slightly
higher strength and lower ductility than the base
line weld. Again, these data are consistent with a
slightly higher ~-stabilizercontent. However, the
differences were not as great as in the microhard
ness testing, because in the case of the tensile
tests, both structures were a/ martensite.

Tests Results. The goal of the Ti-6Al-4V Itanta
lum dissimilar metal weld study was to thor
oughly characterize the homogeneity, structure,
and properties of the weld, relative to a baseline
Ti-6Al-4Vweld, and to determine the effectof the
tantalum additions. The study showed that the
tantalum shim could be completely melted using
the chosen welding procedure and that a uniform
weld bead could be produced. The compositional
and microstructural analyses showed that the
weld was very similar to the baseline weld. The
tantalum-alloyed weld metal appeared to be con
sistent with standard principles regarding tita
nium alloy compositions and structure, and it
was what would be expected in a weld made on

slightly more heavily alloyed material. The me
chanical test results confirmed this interpretation
as well. In total, the characterization showed that
this weld could be made and that its properties
could be predicted andlor interpreted accurately
as an extrapolation of the baseline weld.

Characterization Objectives. A number of
characterization techniques have been briefly
discussed with respect to their application to
welds. Examples 1 and 2 show that the choice and
emphasis of the characterization procedure are
largely determined by the intended application
of the weld and the goals to be accomplished by
the characterization. Each of the procedures in
Examples 1 and 2 are discussed in great detail in
the cited references.
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Chapter 4

Weld Discontinuities
and tmperiections

DISCONTINUITIES are interruptions in the
desirable physical structure of a weld. A discon
tinuity constituting a danger to the fitness-for
service of a weld is a defect. Bydefinition, a defect
is a condition that must be removed or corrected
(Ref 1). The word "defect" should therefore be
carefully used, because it implies that a weld is
defective and requires corrective measures or re
jection. Thus, repairs may be made unnecessarily
and solely by implication, without a critical engi
neering assessment. Consequently, the engineer
ing community now tends to use the word "dis
continuity" or "flaw" instead of "defect."

The significance of a weld discontinuity should
be viewed in the context of the fitness-for-service
of the welded construction. Fitness-for-service is
a concept of weld evaluation that seeks a balance
among quality, reliability, and economy of weld
ing procedure. Fitness-for-service is not a con
stant. It varies depending on the service require
ments of a particular welded structure, as well as
on the properties of the material involved.

Neither construction materials nor engineered
structures are free from imperfections. Welds
and weld repairs are not exceptions. Weld accep
tance standards are used when a discontinuity
has been clearly located, identified, sized, its ori
entation determined, and its structural signifi
cance questioned. Critical engineering assess
ments of weld discontinuities are performed to
define acceptable, harmless discontinuities in a
structure that will not sacrifice weldment reliabil
ity. One of the major reasons for understanding

the engineering meaning of weld discontinuities
is to decrease the cost of welded structures by
avoiding unnecessary repairs of harmless weld
discontinuities (Ref 2). Welders, of course, must
constantly be encouraged to make sound (per
fect) welds independent of prevailing acceptance
standards.

This article describes the types of weld discon
tinuities that are characteristic of the principal
welding processes. In addition, information is
provided about the common inspection methods
used to detect these discontinuities. More de
tailed descriptions of these inspection methods
can be found in the article "Inspection of Weld
ments" in this book.

Classification of Weld Discontinuities

Discontinuities may be divided into three
broad classifications: design related, welding
process related, and metallurgical. Design-re
lated discontinuities include problems with de
sign or structural details, choice of the wrong
type of weld joint for a given application, or un
desirable changes in cross section.

Process-related discontinuities include:

Undercut: A groove melted into the base metal
adjacent to the toe or root of a weld and left
unfilled by weld metal
Slag inclusions: Nonmetallic solid material en
trapped in weld metal or between weld metal
and base metal

*Adapted from ASMHandbook, Volume 6, Welding, Brazing, andSoldering, 1993, p 1073--108
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Porosity: Cavity-type discontinuities formed
by gas entrapment during solidification
Overlap: The protrusion of weld metal beyond
the toe, face, or root of the weld
Tungsten inclusions: Particles from tungsten
electrodes that result from improper gas
tungsten arc welding procedures
Backing piece left on: Failure to remove material
placed at the root of a weld joint to support
molten weld metal
Shrinkage voids: Cavity-type discontinuities
normally formed by shrinkage during solidi
fication
Oxide inclusions: Particles of surface oxides
that have not melted and are mixed into the
weld metal
Lack offusion (LOF): A condition in which fu
sion is less than complete
Lack ofpenetration (LOP): A condition in which
joint penetration is less than that specified
Craters: Depressions at the termination of a
weld bead or in the molten weld pool
Melt-through: A condition resulting when the
arc melts through the bottom of a joint welded
from one side
Spatter: Metal particles expelled during weld
ing that do not form a part of the weld
Arc strikes (arc burns): Discontinuities consist
ing of any localized remelted metal, heat-af
fected metal, or change in the surface profile
of any part of a weld or base metal resulting
from an arc
Underfill: A depression on the face of the weld
or root surface extending below the surface of
the adjacent base metal

Metallurgical discontinuities include:

Cracks: Fracture-type discontinuities charac
terized by a sharp tip and high ratio of length
and width to opening displacement
Fissures: Small cracklike discontinuities with
only a slight separation (opening displace
ment) of the fracture surfaces
Fisheye: A discontinuity found on the fracture
surface of a weld in steel that consists of a
small pore or inclusion surrounded by a
bright, round area
Segregation: The nonuniform distribution or
concentration of impurities or alloying ele
ments that arises during the solidification of
the weld
Lamellar tearing: A type of cracking that occurs
in the base metal or heat-affected zone (HAZ)
of restrained weld joints that is the result of
inadequate ductility in the through-thickness
direction of steel plate

The observed occurrence of discontinuities and
their relative amounts depend largely on the

welding process used, the inspection method ap
plied, the type of weld made, the joint design and
fit-up obtained, the material utilized, and the
working and environmental conditions. The
most frequent weld discontinuities found during
manufacture, ranked in order of decreasing oc
currence on the basis of arc-welding processes
are:

Shielded metal arc welding (SMAW)

Slag inclusions
Porosity
LOF/LOP
Undercut

Submerged arc welding (SAW)

LOF/LOP
Slag inclusions
Porosity

Flux-cored arc welding (FCAW)

Slag inclusions
Porosity
LOF/LOP

Gas-metal arc welding (GMAW)

Porosity
LOF/LOP

Gag-tungsten arc welding (GTAW)

Porosity
Tungsten inclusions

Metallurgical Discontinuities

Gas porosity can occur on or just below the
surface of a weld. Pores are characterized by a
rounded or elongated teardrop shape with or
without a sharp point. Pores can be uniformly
distributed throughout the weld or isolated in
small groups; they can also be concentrated at the
root or toe of the weld. Porosity in welds is
causedby gas entrapment in the molten metal, by
too much moisture on the base or filler metal, or
by improper cleaning of the joint during prepara
tion for welding.

The type of porosity within a weld is usually
designated by the amount and distribution of the
pores. Some of the types are classified as follows:

Uniformly scattered porosity: Characterized by
pores scattered uniformly throughout the
weld (Fig.1)
Cluster porosity: Characterized by clusters of
pores separated by porosity-free areas (Fig.
Ib)
Linear porosity: Characterized bypores that are
linearly distributed (Fig. Ic), Linear porosity
generally occurs in the root pass and is associ
ated with incomplete joint penetration
Elongated porosih;: Characterized by highly
elongated pores inclined to the direction of
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welding. Elongated porosity occurs in a her-
ringbone patt ern (Fig. Id) .
Wormhole porosity: Characterized by elon
gated voids with a definite wormlike shape
and texture (Fig. 2)

/ Weld metal

(0)

(e)

(b)

Wormho le porosity in a we ld bead. Longit udi nal cut.
20x

~ / Weld me tal d

~
[d]

r Weld metal

Fig. 2

Fig. 1 Typeso f gas porosity com monly found in weld meta l. (a)
Un iform ly scattered porosity. (b) Cluster poros ity. (c) lin

ear porosity. (d) Elongated por osity

welding is another common cause of entrapmen t.
In multiple-pass weld s, slag ma y be entrapped
any number of pla ces in the weld betw een passes.
Slag inclus ions are genera lly oriented along the
direction of welding.

Radiography is the mo st widely used nonde
structive method for detecting subsurface gas po
rosity in w eldme nts. The radiographic image of
round porosity appears as round or ova l spo ts
with smooth edges, and elonga ted porosity ap
pears as ov al spots with the major axis sometimes
severa l tim es longer than the minor axis . TIle
radiographic im age of wo rmho le porosity de
pend s lar gely on the orient ation of the elongated
cavity with respect to the incident x-ray beam.
The presence of top-surface or root reinforcement
affects the sens itivity of inspection , and the pre s
ence of forei gn material, such as loose scale, flux,
or weld spatter, may interfere with the interpre
.ation of results.

Ultrasonic insp ection is capable of detecting
subsur face porosity . However, it is not exten
sively used for this purpose except to inspect
thick sections or ina ccessible areas wh ere radio
graphic sensitivity is limited, Sur face finish and
grain size affect the validity of the inspection
results.

Edd y current inspection , like ultrasonic inspec
tion, can be used for det ectin g subsur face poros
ity. Normally, eddy current inspection is con 
fined to use on thin-wall welded pipe and tubing
because eddy currents are relatively insensitiv e
to flaws that do not extend to the surface or into
the near-surface layer.

Magnetic particle inspection and liqu id pene
trant insp ection are not suitable for detecting
subsurface gas porosity . These methods are re
stricted to the detection of onl y those pores that
are open to the surface.

Slag inclusions may occur when USUlg weld
ing processes that employ a slag covering for
shield ing purposes. (With other processes, the
oxide present on the metal surface before weld
ing may also become entrapped.) Slag inclusions
can be found near the surface and in the root of a
weld (Fig. 3a), between we ld bead s in multiple
pass weld s (Fig. 3b), and at the side of a weld near
the root (Fig. 3c).

During w elding, slag ma y spill ahead of the arc
and subse quently be covered by the weld pool
because of poor join t fit-up, incorrect electrode
manipulation, or forward arc blow. Slag trapped
in this manner is generally located near the root.
Radical motions of the electrode, such as wide
weaving, may also cause slag entrapment on the
sides or near the top of the weld after the slag
spills into a portion of the joint that has not been
filled by the molten pool. Incomplete removal of
the slag from the previous pass in multiple-pass
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Fig. 3 Sections showing localions ofslag inclusions in weld metal. (a) Near the surface and in the root of a single-passweld. (b)Between
weld beads in a multiple-passweld. (c)Atthe side ofa weld

Three methods used for the detection of slag
below the surface of single-pass or multiple-pass
welds are magnetic particle, radiographic, and
ultrasonic inspection. Depending on their size,
shape, orientation, and proximity to the surface,
slag inclusions can be detected by magnetic par
ticle inspection with a de power source, provided
the material is ferromagnetic. Radiography can
be used for any material, but is the most expen
sive of the three methods . Ultrasonic inspection
can also be used for any material and is the most
reliable and least expensive method. If the weld
is machined to a flush contour, flaws as close as
0.8 nun (V32 in .) to the surface can be detected
with the straight-beam technique of ultrasonic
inspection, provided the instrument has suffi
cient sensitivity and resolution. A 5 or 10 MHz
dual-element transducer is normally used in this
application. If the weld cannot be machined,
near-surface sensitivity will be low because the
initial pulse is excessively broadened by the
rough as-welded surface. Unmachined welds can
be readily inspected by direct-beam and re
flected-beam techniques, using an angle-beam
(shear-wave) transducer.

Tungsten inclusions are particles found in the
weld metal from the nonconsumable tungsten
electrode used in GTAW. These inclusions are the
result of:

Exceeding the maximum current for a given
electrode size or type
Letting the tip of the electrode make contact
with the hot tip of the electrode
Using an excessive electrode extension
Inadequate gas shielding or excessive wind
drafts, which result in oxidation
Using improper shielding gases such as ar
gon-oxygen or argon-C02 mixtures, which
are used for GMAW

Tungsten inclusions, which are not acceptable
for high-quality work, can only be found by inter
nal inspection techniques, particularly radio
graphic testing.

~CJ
(al LOF (b) LOF

Fig. 4 Lack of fusion in (a) a single-V-groove weld and (b)dou
ble-V-groove weld. Lack of penetration in (c) a single-V

groove weld and (d)a double-V-groove weld

Lack of fusion and lack of penetration result
from improper electrode manipulation and the
use of incorrect welding conditions. Fusion refers
to the degree to which the original base metal
surfaces to be welded have been fused to the filler
metal; penetration refers to the degree to which
the base metal has been melted and resolidified
to result in a deeper throat that was present in the
joint before welding. In effect, a joint can be com
pletely fused but have incomplete root penetra
tion to obtain the throat size specified. Based on
these definitions, LOF discontinuities are located
on the sidewalls of a joint, and LOP discontinui
ties are located near the root (Fig. 4). With some
joint configurations, such as butt joints, the two
terms can be used interchangeably. The causes of
LOF include excessive travel speed, bridging, ex
cessive electrode size , insufficient current, poor
joint preparation, overly acute joint angle, im
proper electrode manipulation, and excessive arc
blow. Lack of penetration may be the result of
low welding current, excessive travel speed, im
proper electrode manipulation, or surface con
taminants such as oxide, oil, or dirt that prevent
full melting of the underlying metal.

Radiographic methods may be unable to detect
these discontinuities in certain cases , because of
the small effect they have on x-ray absorption. As
will be described later, however, lack of sidew all
fusion is readily detected by radiography. Ultra-
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(a)

(b)

Underfill

6< ?
(e) (d)

Fig. 5 Weld discon tinuities affecting weld shape and contour. (a) Undercut and overlapping in a fillet weld. (b) Undercut and overlap
ping in a groove weld. (c) and (d) Underfill in groove welds

sonically, both types of discontinuities often ap
pear as severe, almost continuous, linear porosity
because of the nature of the unbonded areas of
the joint. Except in thi.n sheet or plate, these dis
continuities may be too deep-lying to be detected
by magnetic particle inspection.

Geometric weld discontinuities are those as
sociated with imperfect shape or unacceptable
weld contour. Undercut, underfill, overlap, ex
cessiv e reinforcement, fillet shape, and melt
through, all of which were defined earlier, are
included in this grouping. Geometric disconti
nuities are shown schematically in Fig. 5. Radiog
raphy is used most often to detect these flaws .

Cracks can occur in a wide variety of shapes
and types and can be located in numerous posi
tions in and around a welded joint (Fig.6).Cracks
associated with welding can be categorized ac
cording to whether they originate in the weld
itself or in the base metal. Four types commonly
occur in the weld metal: transverse, longitudinal,
crater, and hat cracks . Base metal cracks can be
divided into seven catego ries: transverse cracks,
underbead cracks, toe cracks, root cracks, lamel
lar tearing, delaminations, and fusion-line cracks.

Weld metal cracks and base metal cracks that
extend to the surface can be detected by liquid
penetrant and magnetic particle inspecti.on. Mag
netic particle inspection can also detect subsur
face cracks, depending on their size, shape, and
proximity to the surface. Although the orien ta-

Fig. 6 Identification ofcracksacco rding to location in weldand
base metal. 1, crater crack in weld metal; 2, transverse

crack in weld metal; 3, transverse crack in HAZ; 4, longitudinal
crack in weld metal; 5, toe crack in base metal; 6, underbead crack
in base metal; 7, fusion-line crack; 8, root crack in weld metal; 9,
hat cracks in weld metal

tion of a crack with respec t to the direction of the
radiation beam is the dominant factor in deter
mining the ability of radiography to detect the
crack, differences in composition between the
base metal and the weld metal may crea te shad
ows to hide a crack tha t otherwise might be vis
ible. Ultrasonic inspection is generally effective in
detecting most cracks in the weld zone.

Transverse cracks in weld metal (No. 2, Fig. 6)
are formed when the predominant contraction
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t t

Fig. 7 lamellar tear caused by thermal contraction strain

stresses are in the direction of the weld axis. They
can be hot cracks, which separate intergranularly
as the result of hot shortness or localized planar
shrinkage, or they can be transgranular separa
tions produced by stresses exceeding the strength
of the material. Transverse cracks lie in a plane
normal to the axis of the weld and are usually
open to the surface. They usually extend across
the entire face of the weld and sometimes propa
gate into the base metal.

Transverse cracks in base metal (No.3, Fig. 6)
occur on the surface in or near the HAZ. They are
the result of the high residual stresses induced by
thermal cycling during welding. High hardness,
excessive restraint, and the presence of hydrogen
promote their formation. Such cracks propagate
into the weld or beyond the HAZ into the base
metal as far as is needed to relieve the residual
stresses.

Underbead cracks (No.6, Fig. 6) are similar to
transverse cracks in that they form in the HAZ
because ofhigh hardness, excessive restraint, and
the presence of hydrogen. Their orientation fol
lows the contour of the HAZ.

Longitudinal cracks (No.4, Fig. 6) may exist in
three forms, depending on their positions in the
weld. Check cracks are open to the surface and
extend only partway through the weld. Root
cracks extend from the root to some point within
the weld. Full centerline cracks may extend from
the root to the face of the weld metal.

Check cracks are caused either by high contrac
tion stresses in the final passes applied to a weld
joint or by a hot-cracking mechanism.

Root cracks are the most common form of lon
gitudinal weld metal crack because of the rela
tively small size of the root pass. Ifsuch cracks are
not removed, they can propagate through the
weld as subsequent passes are applied. This is the

usual mechanism by which full centerline cracks
are formed.

Centerline cracks may occur at either high or
low temperatures. At low temperatures, cracking
is generally the result of poor fit-up, overly rigid
fit-up, or a small ratio of weld metal to base
metal.

All three types of longitudinal cracks are usu
ally oriented perpendicular to the weld face and
run along the plane that bisects the welded joint.
Seldom are they open at the edge of the joint face,
because this requires a fillet weld with an ex
tremely convex bead.

Crater cracks (No. I, Fig. 6) are related to center
line cracks. As the name implies, crater cracks
occur in the weld crater formed at the end of a
welding pass. Generally, this type of crack is
caused by failure to fill the crater before breaking
the arc. When this happens, the outer edges of the
crater cool rapidly, producing stresses sufficient
to crack the interior of the crater. This type of
crack may be oriented longitudinally or trans
versely or may occur as a number of intersecting
cracks forming the shape of a star. Longitudinal
crater cracks can propagate along the axis of the
weld to form a centerline crack. In addition, such
cracks may propagate upward through the weld
if they are not removed before subsequent passes
are applied.

Hatcracks (No.9, Fig. 6) derive their name from
the shape of the weld cross section with which
they are usually associated. This type of weld
flares out near the weld face, resembling an in
verted top hat. Hat cracks are the result of exces
sive voltage or welding speed. The cracks are
located about halfway up through the weld and
extend into the weld metal from the fusion line of
the joint.

Toe androot cracks (No.5 and 8, Fig. 6)can occur
at the notches present at notch locations in the
weld when high residual stresses are present.
Both toe and root cracks propagate through the
brittle HAZ before they are arrested in more duc
tile regions of the base metal. Characteristically,
they are oriented almost perpendicular to the
base metal surface and run parallel to the weld
axis.

Lamellar tearing is the phenomenon that occurs
in T-joints that are fillet welded on both sides.
This condition, which occurs in the base metal or
HAZ of restrained weld joints, is characterized
by a steplike crack parallel to the rolling plane.
The crack originates internally because of tensile
strains produced by the contraction of the weld
metal and the surrounding HAZ during cooling.
Figure 7 shows a typical condition.

Fusion-line cracks (No.7, Fig. 6) can be classified
as either weld metal cracks or base metal cracks
because they occur along the fusion line between
the two. There are no limitations as to where



along the fusion line these cracks can occur or
how far around the weld they can extend.

Discontinuities Associated with
Specialized Welding Processes

The preceding section has dealt mainly with
the discontinuities common to conventional arc
welding processes. In addition, there are certain
more specialized welding methods that may
have discontinuities unique to them. These meth
ods include electron-beam, plasma arc, elec
troslag, friction, and resistance welding. In gen
eral, the types of discontinuities associated with
these processes are the same as those associated
with conventional arc welding; however, be
cause of the nature of the processes and the joint
configurations involved, such discontinuities
may be oriented differently from those pre
viously described, or they may present particular
problems of location and evaluation.

Electron-Beam Welding

In electron-beam welding, as in all other weld
ing processes, weld discontinuities can be di
vided into two major categories:

Those that occur at, or are open to, the surface
Those that occur below the surface

Surface flaws include undercut, mismatch, under
fill,reinforcement, cracks,missed seams, and LOP.
Subsurface flaws include porosity, massive voids,
bursts, cracks, missed seams, and LOP. Figure 8
shows poor welds containing these flaws, and a
good weld with none of them.

Surface discontinuities such as undercut, mis
match, reinforcement, and underfill are macro
scopic discontinuities related to the contour of
the weld beam or the joint. As such, they are
readily detected visually or dimensionally. Sur
face discontinuities such as cracks are usually
detected visually using liquid penetrant inspec
tion or using magnetic particle inspection if the
material is ferromagnetic.

When liquid penetrants are used to inspect a
weld for surface discontinuities such as cracks,
missed seams, and LOP, the surface to be in
spected must be clean and the layers of metal
smeared from machining or peened from grit- or
sandblasting must be removed. Generally, some
type of etching or pickling treatment works well,
but the possibility of hydrogen pickup from the
treatment must be considered.

Occasionally, special inspection procedures
must be employed to detect some types of surface
discontinuities in electron-beam welds. Missed
seams and LOP are often difficult to detect be
cause they are frequently associated with com-
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plex weld joints that prevent direct viewing of the
affected surface.

Because of this difficulty, missed seams are
often detected using a visual witness-line proce
dure, in which equally spaced parallel lines are
scribed on both sides of the unwelded joint at the
crown and root surfaces. Missed seams, which
result from misalignment of the electron beam
with the joint such that the fusion zone fails to
encompass the entire joint, are detected by ob
serving the number of witness lines remaining on
either side of the weld bead. By establishing the
relationship between the width of the fusion zone
and the spacing of the witness lines, reasonably
accurate criteria for determining whether the
joint has been contained with the weld path (and
therefore whether missed seams are present) can
be developed.

Lack-of-penetration discontinuities occur when
the fusion zone fails to penetrate through the en
tire joint thickness, resulting in an unbonded area
near the root of the joint. These discontinuities are
best detected by etching the root surface and ob
serving the macroscopic shape and width of the
fusion zone for full and even penetration. An al
ternative method for inspecting complete weld
penetration is that of immersion pulse-echo ul
trasonic testing.

Subsurface discontinuities in electron-beam
welds are generally considerably more difficult
to detect than surface discontinuities because ob
servation is indirect. The two most reliable and
widely used nondestructive inspection methods
are radiography and ultrasonics.

Volume-type discontinuities such as porosity,
voids, and bursts are detected by radiographic
inspection, provided their cross sections pre
sented to the radiating beamexceed 1 to 2%of the
beam path in the metal. Discontinuities that pre
sent extremely thin cross sections to the beam
path, such as cracks, missed seams, and LOP, are
detectable with x-rays only if they are viewed
from the end along their planar dimensions.

Ultrasonic inspection can detect most volume
discontinuities as well as planar discontinuities.
Planar discontinuities are best detected normal to
the plane of the discontinuities, but missed seams
and LOP often appear as continuous porosity
when viewed looking down from the crown to
the root of the weld in the plane of the disconti
nuity.

Because of the inherent dependence of both
radiographic and ultrasonic inspection on the
shape and orientation of flaws because each of
the two methods can generally detect those flaws
that the other misses, it is most advisable to com
plement one method with the other. Further
more, to increase the likelihood of properly view
ing a flaw, one of the methods should be
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employed in at least two (preferably perpendicu
lar) directions.

Plasma Arc Welding

Discontinuities that occur in plasma arc welds
include both surface and subsurface types, as
shown in Fig. 9.

Surface discontinuities such as irregular rein
forcement, underfill, undercut, and mismatch
that are associated with weld bead contour and
jo.int a~gnment are easily detected visually or
dimensionally, Lack of penetration is also de
tected visually through the absence of a root
bead. Weld cracks that are open to the surface are
detected with liquid penetrants. Surface contami
nation, which results from insufficient shielding
gas coverage, is detected by the severe discolora
tion of the weld bead or adjacent HAZ.

Subsurface discontinuities are generally more
prevalent in manual than in automatic plasma
arc welding and are detected primarily by radio
graphic or ultrasonic inspection.

Porosity is by far the most commonly encoun
tered discontinuity. Radiographic inspection is
limited to detecting pores greater than approxi
mately 1 to 2% of the joint thickness. Visibility is
greater if both the crown and root beads are ma
chined flush. Ultrasonic inspection can detect po
rosity if the joint is machined flush and joint
thickness exceeds approximately 1.3 mm (0.050
in.).

Tunneling, as shown in Fig. 9, is a severe void
along the boundary of the fusion zone and the
HAZ. This discontinuity results from a combina
tion of torch alignment and welding conditions
(particularly travel speed). Tunneling is readily
detectable by radiographic inspection.

Lack-of-fusion discontinuities occur in either
Single-pass or multiple-pass repair welds (Fig.9).
These discontinuities result from insufficient heat
input to permit complete fusion of a particular
weld bead to the part. Incomplete fusion can be
detected by radiographic or ultrasonic inspec
tion. Depending on the orientation of the discon
tinuity, one method may have an advantage over
the other, so both should be used for optimum
inspection.

Subsurface weld cracks, regardless of their
cause, are detectable by radiographic and ultra
sonic inspection.

Subsurface contamination in plasma arc weld
ing results when copper from the torch nozzle is
e~pelled into the weld. This is caused by exces
srve heat, usually produced in manual repair
welding when the torch nozzle is placed too close
to the weld, particularly in a groove. The result
ing contamination, which may be detrimental, is
undetectable by conventional nondestructive in
spectionmethods. The only way of detecting cop
per contamination is by alerting the operator to
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watch for copper expulsion, which then must be
machined off.

Electros/ag Welding

Electroslag welding involves the use of copper
dams over the open surfaces of a butt joint to hold
the molten metal and the slag layer as the joint is
built up vertically. Wire is fed into the slag layer
continuously and is melted by the heat generated
as current passes through the highly resistant
slag layer.

Generally, electroslag welds are inspected with
the same nondestructive examination methods
as other heavy-section welds. With the exception
of procedure qualification, all testing is nonde
structive because of the sizes used. Techniques
such as radiography and ultrasonic inspection
are most often used, while visual, magnetic par
ticle, and liquid penetrant testing are used also.
Internal defects are generally more serious. Radi
ography and ultrasonic tests are the best methods
for locating internal discontinuities.

Because of the nature of the process, LOF is
rare. If fusion is achieved on external material
edges, then fusion is generally complete through
out. Cracking may occur either in the weld or the
HAZ. Porosity may either take the form of a
rounded or a piped shape; the latter is often
called wormhole porosity. Ultrasonic inspection
is probably the quickest single method for in
specting any large weldment. If defects should
occur, they appear as porosity or centerline
cracking. Ultrasonic inspection is effective for lo
cating either type of defect; however, only well
qualified personnel should set up the equipment
and interpret the test results.

Electroslag welding results in large dendritic
grain sizes because of the slow cooling rate. Inex
perienced personnel often use high sensitivity
and actually pick up the large coarse grains;
when such welds are sectioned, usually no de
fects are present. Inspectors must learn to use low
?ensitivity to obtain good results when inspect
mg electroslag welds. Magnetic particle inspec
tion is not a particularly good inspection method,
because the areas examined by this technique are
primarily surface or near surface. This is only a
small percentage of the total weld; the only useful
information is either checking the ends for cra
ters, cracks, or centerline cracking or possibly for
lack of edge fusion on the weld faces. Usually, a
visual examination gives the same result unless
the defect is subsurface. Visual examinations are
only effective for surface defects, which are not
common in this process.

Friction Welding

If impurities are properly dispelled during up
setting, friction or inertia welds are generally free
of voids and inclusions. Incomplete center fusion
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-Fig. 10 Characteristics of a metal surface showing roughness
and contaminants present. Source: Ref 7

can occur when flywheel speed is too low, when
the amount of upset is insufficient, or when mat
ing surfaces are concave. Tearing in the HAZ can
be caused by low.flywheel speed or excessive
flywheel size. Cracks can occur when materials
that are prone to hot shortness are joined. The
penetration of a split between the extruded flash
into the workpiece cross section is most prevalent
during the welding of thin-wall tubing using im
proper conditions that do not allow for sufficient
material upset.

The area where LOF generally occurs is at or
near the center of the weld cross section. Because
this is a subsurface discontinuity, detection is
limited to radiographic or ultrasonic inspection;
ultrasonic inspection is more practical. The longi
tudinal wave test (either manual-contact or im
mersion method) with beam propagation per
pendicular to the area of LOF gives the most
reliable results. This test can be performed as
long as one end of the workpiece is accessible to
the transducer.

Penetration of the split between the extruded
flash on the outer surface of a tube is readily
detected by liquid penetrant or magnetic particle
inspection after the flash has been removed by
machining. A split between the weld flash on the
inner surface of the tube can be detected by ultra
sonic inspection using the angle-beam technique
with manual contact of the transducer to the out
side surface of the tube. The transducer contacts
the tube so that the sound propagates along the
longitudinal axis of the tube through the weld
ment.

Resistance Welding

Resistance welding encompasses spot, seam,
and projection welding, each of which involves
the joining of metals by passing current from one
side of the joint to the other. The types of discon
tinuities found in resistance welds include poros
ity, LOF, and cracks. Porosity will generally be
found on the centerline of the weld nugget. Lack
of fusion may also be manifested as a centerline
cavity. Either of these can be caused by overheat-

ing, inadequate pressure, premature release of
pressure, or late application of pressure. Cracks
may be induced by overheating, removal of pres
sure before weld quenching is completed, im
proper loading, poor joint fit-up, or expulsion of
excess metal from the weld.

Weld Appearance. On the surface of a resis
tance spot welded assembly, the weld spot
should be uniform in shape and relatively
smooth, and it should be free of surface fusion,
deep electrode indentations, electrode deposits,
pits, cracks, sheet separation, abnormal discol
oration around the weld, or other conditions in
dicating improper maintenance of electrodes or
functioning of equipment. However, surface ap
pearance is not always a good indicator of spot
weld quality, because shunting and other causes
of insufficient heating or incomplete penetration
usually leave no visible effects on the workpiece.

The common practice for monitoring spot weld
quality in manufacturing operations is the tear
down method augmented with pry testing and
visual inspection (Ref3). In visual inspection, the
operator uses the physical features of the weld
surface, such as coloration, indentation, and
smoothness, for assessing the quality of the weld.
In pry testing, a wedge-shaped tool is inserted
between the metal sheets next to the accessible
welds, and a prying action is performed to see if
the sheets will separate in the weld zone. The
teardown method consists of physically tearing
apart the welded members with hammers and
chisels to determine the presence and size ade
quacy of fused metal nuggets at the spot weld
site. The specifications require that the parent
metal be torn and that the weld nugget remain
intact. The destructiveness and/or inadequacy of
these common inspection methods has long been
recogrtized, and as a result, nondestructive meth
ods have been extensively studied. The pulse
echo ultrasonic inspection of spot welds is now
feasible.

Diffusion Welding

Diffusion welding (also known as diffusion
bonding) is a metal joining process that requires
the application of controlled pressures at ele
vated temperatures and usually a protective at
mosphere to prevent oxidation. No melting and
only limited macroscopic deformation or relative
motion between the faying surfaces of the parts
occur during bonding. As such, the principal
mechanism for joint formation is solid-state dif
fusion. A diffusion aid (filler metal) mayor may
not be used. Diffusion welding has the advantage
of producing a product finished to size, with joint
efficiencies approaching 100%.

Discontinuities in Diffusion Welds. In the
case of fusion welds, the detection of discontinui
ties less than 1 mm (0.04in.) in size is not gener-
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Roughness average (Ra ), urn (uin.)
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Flame cutting
Snagging
Sawing
Planing shaping
Drilling
Chemical milling
Electrical discharge

machining
Milling

Broaching
Reaming
Electron beam
Laser
Electrochemical
Boring, turning
Barrel finishing

Electrolytic grinding
Roller burnishing
Grinding
Honing

Electropolishing
Polishing
Lapping
Superfinishing

Sand casting
Hot rolling
Forging
Permanent mold casting

Investment casting
Extruding
Cold rolling, drawing
Die casting

Fig. 11 Surface roughness produced by common production methods. The rangesshown are typical of the processes listed. Higher or
lower values can be obtained under special conditions.

ally expected. In diffusion welding, in which no
major lack of bonding occurs, individual discon
tinuities may be only micrometers in size. To
understand how discontinuities form in diffu
sion-welded structures, it is first necessary to
consider the principles of the process.

As illustrated in Fig. 10, metal surfaces have
several general characteristics:

Rouglmess
An oxidized or otherwise chemically reacted
and adherent layer
Other randomly distributed solid or liquid
products such as oil, grease, and dirt
Adsorbed gas, moisture, or both

Because of these characteristics, two necessary con
ditions thatmustbe metbefore a satisfactory diffu
sion weld can be made are:

Mechanical intimacy of metal-to-metal con
tact must be achieved
Interfering surface contaminants must be dis
rupted and dispersed to permitmetallic bond-

ing to occur (solvent cleaning and inert gas
atmospheres can reduce or eIiminate prob
lems associated with surface contamination
and oxide formation, respectively)

For a given set of processing parameters, sur
face rouglmess is probably the most important
variable influencing the quality of diffusion
welded joints. The size of the discontinuities
(voids) is principally determined by the scale of
roughness of the surfaces being bonded. The de
gree of surface roughness is dependent on the
material and fabrication/machining technique
used. It has been shown that bonding becomes
easier with finer surface roughness prior to bond
ing. Figure 11 compares the surface roughness
values produced by a variety of fabrication meth
ods.

The mechanism of bond formation in diffusion
welding is believed to be the deformation of the
surface roughness in order to cause metal-to-met
al contact at asperities, followed by the removal
of interfacial voids and cracks by diffusional and
creep process. For conventional diffusion bond-
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(a)

Ie)

(b)

(d)

Fig. 12 Three-stage mechanistic model of diffusion welding. (a) Initial asperity contact. (b) First-stage deformation and interfacial
boundary formation. (c)Second-stagegrain boundary migration and pore elimination. (d)Third-stagevolume diffusion and pore

elimination. Source: Ref7

ing without a diffusion aid, the three-stage
mechanistic model shown in Fig. 12 describes
bond formation. In the first stage, deformation of
the contacting asperities occurs primarily by
yielding and by creep deformation mechanisms
to produce intimate contact over a large fraction
of the interfacial area. At the end of this stage, the
joint is essentially a grain boundary at the areas
of contact with voids between these areas. Dur
ing the second stage, diffusion becomes more
important than deformation, and many of the
voids disappear as the grain-boundary diffusion
of atoms continues. Simultaneously, the inter
facial grain boundary migrates to an equilibrium
configuration away from the original plane of the
joint, leaving many of the remaining voids within
the grains. In the third stage, the remaining voids
are eliminated by the volume diffusion of atoms
to the void surface (equivalent to diffusion of
vacancies away from the void). Successful com
pletion of stage three is dependent on proper
surface processing and joint processing.

Successful nondestructive evaluation of diffu
sion-welded joints requires that the maximum
size and distribution of discontinuities be deter
mined. However, many conventional NDE meth
ods and equipment are not adequate for discon
tinuity determination. Fluorescent penetrants
provide excellent detection capability for lack of
bonding as long as the interfacial crack breaks the
surface. They are completely ineffective for de
fects that have no path to the surface.

Conventional film radiography is not suitable
for detecting the extremely small defects in
volved in diffusion welding, but the use of x-ray
microfocus techniques coupled with digital im
age enhancement offers an improvement in reso
lution. Discontinuities as small as 50 um (0.002
in.) have been detected,

Conventional ultrasonic testing has some ap
plications, although only Significant lack ofbond
ing or clusters of smaller defects can be reliably
detected. High-resolution flaw detection involv
ing frequencies approaching 100MHz appears to
have distinct advantages over conventional test
ing. Scanning acoustic microscopy also appears
to offer excellent possibilities in diffusion bond
inspection. Eddy current and thermal methods
are relatively unsatisfactory for most applica
tions.

Base Metal Discontinuities

Not all weld discontinuities are the result of
improper welding procedures; many such diffi
culties may be attributed to base metal that does
not meet requirements such as chemical compo
sition, cleanliness (lamination or stringers), sur
face conditions (scale, paint or oil), mechanical
properties and dimensions.

Base metal cracking, usually longitudinal in
nature, occurs within the HAZ of the metal being
welded. In coarse-grain, silicon-killed low-carb
on steel, the impact energy of the HAZ is low and
at low preheat, cracking can result. The use of fine
grain aluminum-killed steel and preheats of
about 95°C (200 OF) will usually eliminate the
problem. With hardenable steels, HAZ cracking
also may occur in high restraint welds if the pre
heat temperature is low. Hardness and brittle
ness in the HAZ in welded joints are metallurgi
cal effects that result from the thermal cycle of
welding and are among the principal factors that
tend to cause cracking.

Most base metal cracks occur at or near room
temperature and generally are confined to the
coarse-grained HAZ. A typical example of base
metal cracking is shown schematically in Fig. 13.
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In low-earbon, medium-carbon, and low-alloy
steels, hardness and the ability to deform without
rupture depend on the alloy group to which each
belongs and also upon the rate of cooling from
the elevated temperatures produced by the weld
ing operation.

The martensitic stainless steels behave simi
larly to the medium-carbon and low-alloy
groups, except that they harden to a greater de-

gree with a given cooling rate. Neither the
austenitic stainless steels nor the ferritic stainless
steels harden on quenching from elevated tem
peratures. In general, however, the HAZ of the
ferritic stainless steels is low in impact energy,
but not hard, as a result of welding. The HAZ
shows serious grain growth as a result of being
exposed to high temperatures. The austenitic
stainless steels may be sensitized by welding op-
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Fig. 14 Relationship of underbead cracking and amount of hy
drogen gas in the arc atmosphere

Table 1 Tests forweldandbasemetalimperfections

ImpeJfedlon MethodBofresting

Warpage
Incorrect jointpreparation
Incorrectweld size
Incorrect weld profile
Incorrect final dimensions

Visual inspection with proper mechanical gages and fixtures
Visual inspectionwith proper mechanicat gages and fixtures
Visual inspection with approved weld gage or workmanship samples
Visual inspectionwith approved weld gage or workmanship samples
Visual inspection with proper measuring devices

Structural discontinuities

Porosity
Slag inclusions
Tungsten inclusions
Incomplete fusion
Inadequate joint penetration
Undercut
Cracks

Surface irregularities

Radiographic, fracture, microscopic, macroscopic, eddy current, ultrasonic
Radiographic, fracture, microscopic,macroscopic, eddy current, ultrasonic
Radiographic, microscopic, eddy current, ultrasonic
Radiographic, fracture, microscopic, macroscopic, eddy current, ultrasonic
Radiographic, fracture, microscopic, macroscopic, eddy current, ultrasonic
Visual inspection,bend tests, radiographic, eddy current, ultrasonic
Visual inspection, bend tests, radiographic, microscopic, macroscopic, magnetic particle,

liquid penetrant, eddy current, ultrasonic
Visual inspection, comparison withworkmanship samples, eddy current

Defective properties

Low tensile strength

Low yield strength
Low ductility
Improperhardness
Low impact strength
Incorrect composition
Unsatisfactory corrosion resistance

All-weld-metal tension test, transverse tension test, fillet weld shear test, base metal tension
test

All-weld-metal tension test, transverse tension test, base metal tension test
All-weld-metal tension test, free bend test, guided-bend test, base metal tension test
Hardness tests
Impact tests
Chemical analysis
Corrosion tests
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erations and subject to intergranular cracking un
der some corrosive conditions.

Underbead and HAZ cracks are generally cold
cracks that form in the HAZ of the base metal.
They generally are short, but they may join to
form a continuous crack, especially where three
conditions are present: hydrogen, a relatively
brittle microstructure, and high residual stress.
Underbead and HAZ cracks can be either longi
tudinalor transverse.

In groove welds, cracks may occur at the edge
of the weld in the fusion zone between the weld
metal and base metal. Usually, this type of crack
is associated with steels of high hardenability
when filler metal and base metal are different
compositions. This tends to form alloys with un
predictable properties in this zone.

Underbead cracking is strongly influenced by
the type of electrode used. Electrodes of the
E6010, E6012, E6013, and E6020 classes produce
arc atmospheres containing 35 to 40% hydrogen.
Such electrodes, like all electrodes except the low
hydrogen type, when used to weld crack-sensi
tive steels, can cause severe underbead cracking.
The extent of this underbead cracking varies di
rectly with the hydrogen in the arc abnosphere as
shown in Fig. 14.

Methods of Testing

The usual methods of testing for the various
discontinuities are listed in Table 1. Not all the
test methods listed are equally effective under all
circumstances. The test methods are described in
more detail in the article "Inspection and Evalu
ation ofWeldments" in this book.

Of particular importance is the location of an
imperfection. A discontinuity on the surface acts
as a stress raiser and can promote fatigue in serv-

ice. The same discontinuity may be less serious
within the weld deposit. In bending, the zone
near the neutral axis of a part is neither in com
pression nor in tension. Even if tensile stresses are
distributed over the entire cross section, the inter
nal discontinuity usually is at no greater disad
vantage than it would be on the surface. The
orientation of the discontinuity is also important.

Base metal discontinuities that become evident
during preparation for welding may require re
pairs before welding, lest they induce disconti
nuities in the weld itself. Laminations and de
laminations should be examined by a welding
engineer for a ruling on how seriously they will
affect the function of the weldment. Gouging out
and rewelding are usually required. They may be
treated superficially, to seal the slag and oxides,
or more thoroughly by excavating deeply, to
strengthen and restore the affected member.
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Chapter 5

Cracking Phenomena
Associateil with Welding*

Michael J. Cieslak, Physical and Joining Metallurgy
Department, Sandia National Laboratories

THE FORMATION OF DEFECTS in materials
that have been fusion welded is a major concern
in the design of welded assemblies. Four types of
defects in particular have been the focus of much
attention because of the magnitude of their im
pact on product quality. These defects, all of
which manifest themselves as cracks, are charac
teristic of phenomena that occur at certain tem
perature intervals specific to a given alloy. Collo
quially, these four defect types are known as hot
cracks, heat-affected zone (HAZ) microfissures,
cold cracks, and lamellar tearing.

Solidification Cracking (Hot Cracking)

Hot cracks are solidification cracks that occur
in the fusion zone near the end of solidification.
Simplistically, they result from the inability of the
semisolid material to accommodate the thermal
shrinkage strains associated with weld solidifica
tion and cooling. Cracks then form at susceptible
sites to relieve the accumulating strain. Suscepti
ble sites are interfaces, such as solidification grain
boundaries and interdendritic regions, that are at
least partially wetted.

Solidification cracking requires both a suffi
cient amount of mechanical restraint (strain) and
a susceptible microstructure. Knowledge regard
ing the development of shrinkage strains at the
microstructural scale of a solidifying dendrite is
still quite limited, making it nearly impossible to
quantify a priori the amount of local strain re-

quired to initiate solidification cracks. Further
more, the rate at which the strain is applied can
influence the ability of an alloy to survive the
solidification process without cracking. At tem
peratures near their melting points, metal alloys
can readily dissipate applied loads by time-de
pendent deformation processes (i.e., creep proc
esses). At high rates of applied stress, both the
fusion zone and the HAZ have limited time to
accommodate this mechanical imposition. Under
conditions of rapid solidification and cooling, the
rate of strain accumulation is rapid, leading to an
increased cracking susceptibility. Inherently,
then, requisite strains for solidification cracking
are more likely to be experienced with welding
processes that promote rapid solidification and
cooling.

Because of the limited quantitative under
standing of strain development in a solidifying
weld, the practical approach taken to minimize
the mechanical factor is to reduce the overall
weld restraint through judicious joint design and
appropriate choice of welding parameters. A
Simple way to minimize the restraint on a solidi
fying weld joint is to keep the joint gap to a
minimum by designing hardware with good fit
up. Another approach, particularly attractive for
small parts, is to design the weld joint as a stand
ing edge. Welding parameters can have a pro
found influence on the occurrence of solidifica
tion cracking. The natural tendency to use
high-speed welding to improve productivity can
have detrimental effects. Formation of a tear-

*Adapted fromASM Handbook, Volume 6, Welding, Brazing, andSoldering, 1993,p 88-98.
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Then:

where for k < I, mL < 0; and for k > I, mi. > O. The
larger the RPF, the wider the melting temperature
range and the higher the solidification cracking
susceptibility. The final form of Eq 5 indicates that
as kbecomes very small (indicating a high level of
microsegregation), the solidification cracking sen
sitivity increases.Similarly,as the magnitude of mL
increases (that is, becomes more highly negative),
indicating a rapid decrease in liquidus with alloy
ing concentration, the cracking propensity also in
creases.

However, ms = mL/k:

The RPF, always a positive number, is defined as
the change in melting temperature range per
weight percent of solute added, or:

phase diagram studies. For the vast majority of
commercial alloys, however, these data are not
precisely known.

Borland (Ref1, 2) attempted to establish a gen
eral quantitative method for comparing the ef
fects of various alloying elements on the melting
temperature range of a given solvent element.
Figure 1 shows a schematic binary alloy phase
diagram having linear liquidus and solidus
boundaries. For an alloy of composition Co, TL is
the liquidus composition and Ts is the solidus
composition, where the alloy would be com
pletely solidified under conditions ofequilibrium
cooling. TM is the invariant melting temperature
of the solvent element. The slope of the liquidus
is mi: and the slope of the solidus is ms. The
equilibrium distribution coefficient, k, is defined
as the ratio of the composition of the solid, Cs, to
the composition of the liquid, CL, at a given tem
perature (i.e.,k =CS/CL IT).For a linear liquidus
and solidus, this value is constant and also equal
tomL/ms.

With these terms thus defined, a derivation of
the relative potency factor (RPF), after Borland
(Ref2), follows:

Composition

Hypothetical binary alloy phase diagram showing key
parameters required to derive the relative potency factor

Fig. 1
(RPF)

drop-shaped weld pool, which may occur as the
weld travel speed increases, can result in center
line solidification cracks. The solidification pat
tern associated with this type of weld pool is such
that solidifying grains meet at the weld center
line, forming a particularly susceptible site for
solidification crack initiation.

The manner in which a fusion weld is termi
nated can also influence cracking behavior. In a
closure weld, simply extinguishing the power
can result in the formation of "crater cracks" as
the final weld pool rapidly solidifies in on itself.
A common method used to minimize this prob
lem is to ramp down the power slowly, either
while the workpiece remains stationary or as it
continues to travel a short length under the heat
source. In some cases, the use of a runoff tab as a
site for weld termination may be appropriate.

The extent to which special joint designs or
precisely controlled welding parameters can be
used to produce welds without solidification
cracks is specific for a given alloy. Alloys that are
microstructurally susceptible to cracking will
necessarily have a more limited set of joint de
signs and processing parameters around which
defect-free welds can be produced.

Alloys with a wide solidification temperature
range are more susceptible to solidificationcrack
ing than alloys that solidify over a narrow tem
perature range. Simply described, this is because
accumulated thermal strain is proportional to the
temperature range over which a material solidi
fies. This temperature range is determined pri
marily by chemical composition. For many bi
nary alloy systems and a few ternary alloy
systems, the equilibrium solidification (or melt
ing) temperature range has been established in
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Table 1 Relative potency factors for selected alloying elements in binary iron, nickel, and aluminum
systems

RPFfor:
System AI B C Co Mn Nb Ni P S Sl TI

Binary 1.5 322 0.3 26.2 28.8 2.9 121 925 1.8 13.8
iron

Binary 1.7 22,700 330 0.7 556 244,000 11 5.4
nickel

Binary aluminum

Source: Ref 2, 3

Cu

16.6

u

9.0

Mg

8.0

Sl

42.4

Zn

2.3

Table 2 Selected alloy 625 compositions used in weldability study

AlloyNo. C Cr Fe Mn
Composition, %

Mo Nb NI P s SI TI

Niobium·free

1 0.006 22.10 2.56 0.02 9.54 0.01 bal 0.005 0.002 0.03 0.06
2 0.031 21.95 2.55 0.02 9.61 0.01 bal 0.005 0.002 0.03 0.06
3 0.006 21.63 2.18 0.02 9.60 0.02 bal 0.005 0.002 0.35 0.06
4 0.036 21.57 2.59 0.03 9.63 0.02 bal 0.005 0.003 0.39 0.06

Niobium alloyed

5 0.009 21.81 2.30 0.03 9.81 3.61 bal 0.006 0.003 0.03 0.06
6 0.038 21.83 2.31 0.03 9.81 3.60 bal 0.006 0.003 0.03 0.06
7 0.008 21.65 2.26 0.03 9.68 3.57 bal 0.006 0.004 0.38 0.06
8 0.035 21.68 2.29 0.03 9.67 3.53 bal 0.006 0.003 0.46 0.06

Table 1 lists RPF values for various alloying
elements in binary iron (Ref2),nickel-base alloys
(Ref3), and aluminum alloys. It is clear that cer
tain alloying elements, such as sulfur, phospho
rus, and boron, are detrimental to the weldability
of these alloy systems. This has been borne outby
field experience.

Although the exact derivation of the RPF is
specific to a very simple binary system solidify
ing under equilibrium conditions, the methodol
ogy provides general insight that can be applied
to commercial alloys. The association of cracking
susceptibility with solidification temperature
range has implications for alloy design and pri
mary melt processing. An extended melting/so
lidification temperature range can be the result of
either intentional alloying or impurities present
after refining.

An example (Ref 4) of the application of Bor
land's concepts to the solidification cracking pro
pensity of a commercial alloy system involves
alloy 625. This alloy is derived from the ternary
Ni-Cr-Mo system, a very common base system
for alloys designed to survive aggressive corro
sive or high-temperature environments. A facto
rially designed set of alloys was produced to
identify the effects of the alloying elements nio-

bium, silicon, and carbon on the temperature
range of two-phase coexistence of liquid and
solid (equilibrium melting/solidification tem
perature range) and on solidification cracking
susceptibility.

Solidification cracking susceptibility was meas
ured with the varestraint test, using the maxi
mum crack length (MCL)parameter as the quan
titative measurement (Ref 5). The melting
temperature ranges of these same alloys were
measured using differential thermal analysis
(DTA).Table 2 lists the compositions of the alloys
examined.

The results of the varestraint testing are shown
in Fig. 2. These data clearly show that the alloys
that contain intentionally alloyed niobium (al
loys 5 to 8) are more susceptible to solidification
cracking (larger MCL) than niobium-free alloys
(1to 4). Furthermore, the alloy with no intention
ally alloyed carbon, silicon, or niobium (alloy 1)
is the least susceptible to cracking.

The results of the DTA testing are given in
Table 3. Listed are the liquidus (TL), solidus (Ts),
and melting temperature range (t1T) data ob
tained from multiple tests. The baseline t1T of an
alloy without intentionally alloyed carbon, sili
con, and niobium (alloy 1) is 26.5 °C (79.7 OF).
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Table 3 Melting temperature data for alloy 625 weldability study

c is the standard deviation.

Liquidus, 'Ii. ± "'Ii. Solidus, TS±"TS Melting temperature range, ~T± "~T

Altoy
Alloy addition n, "'Ii. 'IS "TS ~T "~T

No. C Nb Sl "C "F "C "F "C "F "C "F "C OF "C OF

1 1406.5 2563.7 1.3 2.3 1380.0 2516.0 1.4 2.5 26.5 47.7 0.6 1.1
2 X 1403.0 2557.4 1.0 1.8 1369.3 2496.7 2.5 4.5 33.7 60.7 1.5 2.7
3 X 1395.5 2543.9 1.3 2.3 1366.5 2491.7 1.3 2.3 29.0 52.2 1.6 2.9
4 X X 1390.8 2535.4 0.5 0.9 1347.5 2457.5 1.7 3.1 43.3 77.9 1.3 2.3
5 X 1363.3 2485.9 0.5 0.9 1308.0 2386.4 2.2 4.0 55.3 99.5 2.4 4.3
6 X X 1362.0 2483.6 0.8 1.4 1289.3 2352.7 2.6 4.7 72.8 131.0 3.2 5.8
7 X X 1356.0 2472.8 0.8 1.4 1287.8 2350.0 2.4 4.3 68.3 122.9 2.5 4.5
8 X X X 1352.0 2465.6 0.0 0.0 1275.7 2328.3 0.6 1.1 76.3 137.3 0.6 1.1

Fig. 2 Maximum crack length data obtained from varestraint
test for alloy 625 weldability study

The incomplete statistical correlation (R2 = 0.86)
suggests that other factors are necessarily in
volved.

The solidification behavior of fusion welds is
nonequilibrium in nature and may result in an

Increases in liT are observed when carbon or
silicon is added (alloys 2 and 3) at levels that
would be considered high for commercial alloys.
When niobium is added (alloy 5) at a level that
would be considered nominal for alloy 625 (~3.6

wt%), the melting temperature range effectively
doubles to 55.3 °C (131.5OF). Additions of carbon
and silicon to the high-niobium alloys (alloys 6 to
8) further increase this value.

The correlation of cracking susceptibility with
melting temperature range is shown in Fig. 3.
Linear regression analysis performed on the data
set resulted in the following functional relation
ship:

MeL =0.00087(1iT) -0.015

extension of the solidification temperature range
significantly beyond that measured under "equi
librium" conditions. Indeed, the niobium-bear
ing alloys terminate weld solidification below the
equilibrium solidus with the formation of non
equilibrium eutecticlike constituents involving
niobium carbides and Laves-type phases. None
theless, it is clear from an engineering perspec
tive that Borland's concepts are valid enough to
allow the establishment of a useful alloy ranking
system from a solidification cracking perspective.

In addition to the effect of melting temperature
range, Borland realized that the distribution of
liquid along solidifying grain boundaries plays
an important role in determining the solidifica
tion cracking susceptibility of an alloy (Ref 1). If
the terminal solidification liquid easily wets the
solidifying grain boundary (that is, has a low
solid/liquid surface tension), it will tend to be
spread out over a wider area, easing separation
of the grains under a mechanical imposition.
Conversely, if the liquid does not readily wet
these boundaries, it will be more localized, creat
ing a smaller area of liquid-solid contact and
more solid-solid bridging, resulting in a more
robust mechanical structure with increased
cracking resistance. Elements such as sulfur and
boron have been suggested as providing this sur
factant property to terminal solidification liquids
in iron and nickel alloys. Manganese may serve
to increase the surface tension of terminal solidi
fication fluids.

Figure 4 shows the results (Ref6) of varestraint
testing on two heats of Cabot alloy 214, a Ni
16Cr-4.5AI-2.5Fealloy designed for use in high
temperature environments. The two alloys differ
primarily in their boron contents. With no boron
intentionally added (0.0002wt%), the alloy is ex
tremely resistant to solidification cracking. With
boron intentionally added at a level of 0.003wt%,
the solidification cracking propensity is much
greater.

(Eq6)
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Fig.3 Relationship between maximum crack length and equilibrium melting temperature range in alloy 625 weldability study

Figures 5 and 6 summarize parameters that
affect hot cracking in the weld metal and in the
base metal HAZ, respectively. For most alloys
that are highly susceptible to solidification crack
ing, filler metals of different composition have
been developed to minimize the cracking that
accompanies fusion welding.

Heat-Affected-Zone Cracks

Microfissures are cracks that occur in the area
of partial melting and the HAZ adjacent to the
fusion line. Because no material can be purified to
the state where it solidifies truly as an invariant,
all materials have a temperature region of stable
two-phase coexistence of solid and liquid. In fu
sion welding, this manifests itself in the forma
tion of a zone of partial melting at temperatures
below the alloy liquidus. The extent of this zone
may be enlarged by the presence of chemical
inhomogeneity in a material. Local chemical vari
ations will result in local variations in the melting
point. Segregation of specific alloying elements
to grain boundaries may cause a reduction in the
melting temperatures of these areas.

Many microfissures form in a manner some
what analogous to the formation of solidification
cracks in that susceptible sites, generally grain
boundaries that intersect the fusion zone, are
wetted with liquid from one of various sources.
Shrinkage strains accumulating as the weld pool
advances past the liquated boundary can de-

velop to a level sufficient to causeboundary sepa
ration (i.e., cracking). Cast microstructures are
highly inhomogeneous, raising the possibility of
extensive partial melting.

Castings represent a special case of inhomo
geneity on a continuous scale. Chemical inhomo
geneities in wrought products are more discrete,
generally involving minor phase particles. In
many cases, these minor phases arise from ther
momechanical processing of alloys well below
the solidus, where the solubility for specific alloy
ing elements can be lower. Because of the poten
tial for extremely rapid rates of heating and cool
ing (especially heating) in the HAZ of fusion
welds, it is entirely possible that minor phases
not thermodynamically stable under equilibrium
conditions may continue to exist at near-solidus
temperatures. Under these conditions, the minor
phases may interact with the matrix to form a
liquid product. This reaction, often referred to as
constitutional liquation (Ref 7), can provide the
liquid required to wet grain boundaries, produc
ing a microstructure that may be susceptible to
cracking.

Hot ductility testing is a common method of
assessing the susceptibility of an alloy to this
form of cracking. In this test, a laboratory-scale
specimen is subjected to a thermal cycle repre
sentative of what the material would experience
in the HAZ during fusion welding. At various
temperatures during both the heating and cool
ing portions of the cycle, samples are strained to
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Fig. 4 Varestraint test weldability data for Cabot alloy 214 with varying boron concentrations

failure. The ductility response (usually expressed
in terms of reduction of area) as the alloy pro
gresses through the thermal cycle simulates the
response of the alloy to an actual welding situ
ation. In particular, the ability of the material to
reestablish ductility after experiencing the peak
temperature is a critical measure of sensitivity to
this form of cracking.

Figures 7(a) and (b) show the hot ductility re
sponse of two heats of Cabot alloy 214containing
two different concentrations of boron. The return
of ductility in the low-boron alloy after cooling
from a peak temperature of 1345 °C (2453 OF)
indicates that this alloy should be virtually im
mune to this form of cracking, as weldability tests
confirmed (Ref 6). The high-boron heat showed
no appreciable recovery of ductility until a tem
perature approximately 250°C (450OF) below the
thermal peak temperature. This alloy should be
quite susceptible to this form of cracking, as
weldability tests also confirmed (Ref6).

The presence of a liquid is not essential to the
formation of HAZ cracks, as they may occur at
temperatures well below the solidus. Poor ductil
ity inherent in certain materials, such as interme
tallies, can lead to solid-state failure during weld
ing if the thermal stresses associated with the
weld thermal cycle exceed the local tensile
strength.

Cracks may also occur in alloys that undergo
polymorphic transformations during the weld
thermal cycle. The act of fusion welding subjects
the fusion zone and the HAZ to temperatures
above those normally encountered during prior
deformation processing. The resultant HAZ mi-

crostructure may be substantially different from
that of the base material. In the case of martensi
tic-type transformations, there is often a rela
tively large, discontinuous change in the molar
volume occurring very rapidly with decreasing
temperature below the Ms. If that event causes a
local shrinkage, then large, localized tensile
stresses can develop. If the newly transformed
microstructure has limited ductility (not uncom
mon in shear transformations or in transforma
tions that result in ordered structures), the likeli
hood of cracks forming at susceptible sites, such
as grain boundaries, matrix/minor phase inter
faces, and slip band intersections, is increased.

Reheat cracking, also referred to as stress-relief
or strain-age cracking, is another defect type ob
served in certain alloys that undergo precipita
tion reactions. Historically observed in several
nickel-base superalloys and creep-resistant
steels, this type of defect manifests itself during
postweld heat treatment, generally as inter
granular HAZ cracks.

Postweld heat treatment is often a recom
mended practice for high-strength thick-section
welded steels, where reduction of residual
stresses developed as a result of welding is de
sired. In the case of welded nickel-base superal
lays, postweld heat treatment is used both to
relieve residual stresses and to achieve optimum
mechanical properties through precipitation
hardening reactions.

In alloys that undergo precipitation reactions,
the rate at which the alloy strengthens may
greatly exceed the rate at which residual stresses
are thermally diminished. This can be especially
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Fig. 5 Factors affecting hot cracking in weld metal

true in the case of heavy-section welds or in al
loys with relatively poor thermal conductivity.
(That is, before the alloy can reach the tempera
ture at which residual stresses begin to be elimi
nated, it has aged and lost ductility relative to its
as-welded state.) At this new lower level of duc
tility, the residual stresses present may induce
cracks to eliminate the accumulated strain en
ergy.

In principle, the problem of reheat cracking
could be largely eliminated if the rate of heating
through the precipitation temperature range was
rapid enough to prevent precipitate formation.
However, extremely rapid rates of heating in
welded hardware would likely lead to problems
such as excessive distortion; therefore, improved

alloys (e.g., alloy 718 among the nickel-base su
peralloys) have been developed in which the ki
netics of precipitate formation have been suffi
ciently retarded to allow for successful postweld
heat treatment.

Prevention. Dealing with HAZ cracks, how
ever they might form, is generally more difficult
than attending to the problem of solidification
cracking. Modifying the composition in the HAZ
through the addition of consumables is not a
viable option. Prior heat treatment may allow the
production of a less susceptible starting micro
structure, but this option generally is quite lim
ited. Optimization of weld process parameters to
minimize the extent of tensile stress and strain
development should always be considered, as
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should optimizing weld joint design as discussed
above.

Hydrogen-Induced Cracking
(Cold Cracking)

Cold cracks are defects that form as the result
of the contamination of the weld microstructure
by hydrogen. Whereas solidification cracking
and HAZ cracking occur during or soon after the
actual welding process, hydrogen-induced
cracking is usually a delayed phenomenon, oc
curring possibly weeks or even months after the
welding operation. The temperature at which
these defects tend to form ranges from -50 to 150
°C (--60 to 300 OF) in steels. The fracture is either
intergranular or transgranular cleavage.

As with other forms of cracking, hydrogen-in
duced cracking involves both a requisite micro
structure and a threshold level of stress. It also
involves a critical level of hydrogen, which is
alloy and microstructure dependent.

In the case of ideal weld processing, hydrogen
induced cracking would be at most a minor weld
ing engineering concern. However, excluding
hydrogen from structures during welding is ex
ceedingly difficult. Although the primary source
of hydrogen in weld metal is considered to be the
disassociation of water vapor in the arc and ab
sorption of gaseous or ionized hydrogen into the
liquid, other sources are also available. All or
ganic compounds contain hydrogen in their mo
lecular structure, and all may be broken down in
the intense thermal environment of a welding

heat source. Organic compounds are ubiquitous
in the welding environment, from lubricants in
assembly areas to body oils on the hands of weld
ing operators. Plated hardware may also contain
high levels of residual hydrogen.

The mechanism of hydrogen-induced crack
formation is still being investigated. An early hy
pothesis, involving the buildup of hydrogen gas
pressure in voids, is now generally discredited.
Currently, the most widely accepted model in
volves the presence of preexisting defect sites in
the material-small cracks or discontinuities
caused by minor phase particles or inclusions. In
the presence of existing stress, these sites may
develop high local areas of biaxial or triaxial ten
sile stress. Hydrogen diffuses preferentially to
these sites of dilated lattice structure. As the local
hydrogen concentration increases, the cohesive
energy and stress of the lattice decrease. When
the cohesive stress falls below the local intensi
fied stress level, fracture occurs spontaneously.
Hydrogen then evolves in the crack volume, and
the process is repeated. This model of hydrogen
induced cracking is consistent with the relatively
slow and discontinuous nature of the process.

In steels, where the problem of hydrogen-in
duced cracking is extremely significant, cracking
susceptibility has been correlated both with ma
terial hardness and strength, and with specific
microstructure. Higher-strength steels are more
susceptible to hydrogen-induced cracking than
low-strength steels. Steels that transform marten
sitically are particularly susceptible, especially
the higher-carbon alloys with twinned martensi-
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Fig. 7 Hotductility response of Cabot alloy 214 with varying boron concentrations. (a) Low-boron content (0.0002 wt% B). (b) High-bo
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tic structures. The desire to avoid martensite for
mation has driven the development of high
strength structural steels for welded applica
tions.

Production of the newer high-strength low-al
loy (HSLA) steels uses a variety of precisely con
trolled alloying additions (for example, alumi
num, titanium, vanadium, and niobium) along
with meticulous thermomechanical processing to
develop a very fine-grained ferrite microstruc
ture possessing substantial strength and fracture

toughness with a high degree of resistance to
hydrogen-induced cracking. The form of the fer
rite produced during transformation on cooling
from the austenite phase field is also critical, with
acicular ferrite resulting in improved properties
compared with grain-boundary, polygonal, or
WidmansUitten ferrite. Acicular ferrite is often
nucleated on minor phase particles, such as spe
cific oxides or borides. Acknowledgment of the
beneficial effect of certain oxides in providing
sites for acicular ferrite nucleation in modern
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(Eq8)

steels is in sharp contrast to steel design of earlier
decades, when elimination of oxygen to the
greatest extent possible was considered essential
to the development of optimal fracture behavior.

A useful concept for understanding the suscep
tibility of carbon and alloy steels to hydrogen-in
duced cracking is the carbon equivalent (CE),an
empirical relationship that attempts to reduce the
number of significant compositional variables af
fecting the weldability of steels into a single
quantity. Several carbon equivalent relationships
have been developed for different classes of
steels. An example is:

From a metallurgical perspective, the carbon
equivalent can be related to the development of
hydrogen-sensitive microstructures. That is, as the
carbon equivalent increases, microstructures are
evolved during cooling through the transforma
tion temperature range that are increasingly more
susceptible to hydrogen-induced cracking. At high
carbon equivalent values, martensitic structures
can be expected.

Carbon equivalent formulas are usually devel
oped from large data bases of critical hydrogen
concentrations and weld joint restraints that will
result in hydrogen-induced cracking in the steels
under consideration. At various levels of carbon
equivalent, certain weld preheat requirements
are often established. In the example of Eq 7,
when the carbon equivalent exceeds 0.35%,pre
heats are recommended to minimize susceptibil
ity to hydrogen cracking. At higher levels of car
bon equivalent, both preheats and postheats may
be required.

Most structural carbon and low-alloy steels
that may be susceptible to hydrogen-induced
cracking transform from austenite during cool
ing through the temperature range of 800 to 500
°C (1470 to 930 OF). The length of time a steel
spends in this temperature range during cooling
will establish its microstructure and hence its
cracking sensitivity. This time segment is gener
ally referred to as 'tBf.; (in seconds). To maximize
cracking resistance, a microstructure free of un
tempered martensite is desired. Using a specifi
cally developed carbon equivalent, Yurioka (Ref
8) formulated a relationship to establish the criti
cal 'tBf.; for a martensite-free HAZ in low-carbon
alloy steels. The carbon equivalent is defined as:

CEo - at C* %Mn %Cu %Ni %Cr %Mo
- 70 + 3.6 + 20 + 9 + 5 + 4

where %C" = %C for C ~ 0.3%and %C"= %C/6 +
0.25 for %C > 0.3%. The critical time length in
seconds, 't8f.;1 for the avoidance of martensitic trans
formation is given as:

(Eq9)log'tS/5 = 2.69 CE* +0.321

When this quantity is known, welding parameters
and preheat temperature for the given thickness of
material being welded can be established to pro
duce cooling rates that avoid formation of a
martensitic constituent in the HAZ.

Prevention of Hydrogen-Induced Cracking.
One practical method of greatly reducing or
eliminating cracking caused by hydrogen is to
use low-hydrogen-type electrodes (EXX15,
EXX16, and EXX18 classes). Such electrodes have
a mineral covering that is very low in hydrogen
producing constituents. In addition, the elec
trodes are thoroughly baked and carefully
packed by the manufacturer so that both the free
and combined moisture contents are low. Mois
ture, if preserit in the coating, will break down in
the welding arc and provide free hydrogen. An
important fact to keep in mind is that low hydro
gen electrodes re-absorb a considerable quantity
of moisture when exposed for more than several
hours to air having a high relative humidity.

The use of preheating and postheating to mini
mize the susceptibility to hydrogen-induced
cracking is also an accepted welding procedure
for many steels. Preheating controls the cooling
rate through the transformation temperature
range; a higher base metal temperature results in
a slower cooling rate through the transformation
temperature range and thus a larger 'tB/5. Thicker
sections often require preheating because of the
greater heat-sinking capability of a thick section,
for which a given set of welding parameters will
produce a faster cooling rate and a smaller 'tB/5.

Preheating may also reduce the level of residual
stress in the welded assembly.

There are, of course, practical limits to the use
of preheating. Excessively high base metal tem
peratures can make welding difficult, especially
manual welding. A high preheat temperature
will result in the flattening of temperature gradi
ents, increasing the spatial extent of and the time
spent in the austenite phase field. This may result
in excessive grain growth in the HAZ, which can
lead to a loss of fracture toughness independent
of hydrogen content. Preheat temperatures up to
150°C (300 OF) are not uncommon for low-alloy
steels and may increase up to 425°C (800 OF) for
higher-carbon equivalent martensitic steels.

Several benefits can be realized by postheating.
At high enough temperatures (550 to 600°C, or
1020 to 1110 OF), postheating can diminish resid
ual stresses present in the as-welded structure.
Microstructural modifications such as tempering

(Eq7)
%Si + %Ni + %Cu

15

at %Mn %Cr+%Mo+%V
CE = -IOC +-6-+---5=----
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Fig. 8 Causes and cures of hydrogen-induced cracking in weld metal. Thermal Severity Number (fSNl, which is four times the total plate
thickness capable of removing heat from the joint, is a measure of the ability of the member to serve as a heat sink.

can also occur, producing a microstructure less
susceptible to hydrogen-induced cracking. Fi
nally, the higher temperature may allow hydro
gen to diffuse into the bulk of the structure or
even to the surface, where it may recombine and
exit as a gas. In either case, the level of hydrogen
concentration may be reduced below that re
quired to initiate cracks.

The following guidelines should be followed to
minimize the occurrence of hydrogen-induced
cracking. For a given level of required strength,
the steel with the lowest carbon equivalent
should be considered. Low-hydrogen welding
practice should be followed. This involves elimi
nation of possible sources of hydrogen by using
ultrahigh-purity gases and moisture-free gas
lines and by baking coated electrodes following
the manufacturer's recommendations to ensure
removal of nascent water. Finally, preheating
and postheating requirements should be fol
lowed assiduously. Figures 8 and 9 summarize

the causes and cures of hydrogen-induced crack
ing in the weld metal and in the base metal,
respectively.

Lamellar Tearing (Ref 9)

Lamellar tearing is cracking that occurs be
neath welds. It is found in rolled steel plate weld
ments. The tearing always lies within the base
metal, generally outside the HAZ and parallel to
the weld fusion boundary. The problem is caused
by welds that subject the base metal to tensile
loads in the z, or through, direction of the rolled
steel. Occasionally the tearing comes to the sur
face of the metal, but more commonly remains
under the weld (Fig.10) and is detectable only by
ultrasonic testing. Lamellar tearing occurs when
three conditions are simultaneously present:

Strains develop in the through direction of the
plate. They are caused by weld metal shrink-
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Fig. 9 Causesand cures of hydrogen-induced cracking in base metal

Fig. 10 Typical location for lamellar tearing in aT-joint

age in the joint and can be increased by resid
ual stresses and by loading.
The weld orientation is such that the stress
acts through the joint across the plate thick
ness (the z direction). The fusion line beneath
the weld is roughly parallel to the lamellar
separation.
The material has poor ductility in the z direc
tion.

Typical site for
lamellar tearing

Susceptible ---4-_
steel plate

----

Lamellar tearing can occur during flame cut
ting and cold shearing operations. Low material
strength in the z direction is the primary cause,
with stress in that direction initiating the tearing.
Thermal heating and stresses from weld shrink
ing create the fracture. Lamellar tearing can take
place shortly after welding or occasionally
months later. Thicker, higher-strength materials
appear to be more susceptible. However, the phe
nomenon affects only a very small percentage of
steel plates, as all three of the above conditions
rarely occur in combination.

The problem can be avoided by proper atten
tion to joint details. In T-joints (Fig. 10), double
fillet welds appear to be less susceptible than
full-penetration welds. Also, balanced welds on
both sides of the joint appear to present less risk
than large, single-sided welds. In corner joints,
common in box columns, lamellar tearing can be
readily detected on the exposed edge of the plate
(Fig. 11a). The problem can be overcome by plac
ing the bevel for the joint on the edge of the plate
that would exhibit the tearing rather than on the
other plate (Fig. Llb). Butt joints rarely exhibit
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the surface of the plate stressed in the z direction
will reduce the possibility of lamellar tearing.
However, this is an extreme solution and should
be used only as a last resort.
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Chapter 6

Inspection and Evaluation
of Weldments*

WELDED JOINTS in any component or struc
ture require thorough inspection. The role of
nondestructive evaluation (NDE) in the inspec
tion of welds is very important, and the technol
ogy has become highly developed as a result.
This article describes the applications, methods,
and limitations ofNOE and provides guidance as
to method selection.

Nondestructive evaluation comprises a range
of test methods for detecting discontinuities in a
material, component, or structure, without caus
ing damage. Therefore, the principal advantages
of nondestructive tests, as opposed to alternative
destructive proof tests, are that a 100%inspection
can be performed at manufacture and that moni
toring of the structure or component can con
tinue while it is in service. The principal disad
vantage of NDE is that the measurements
obtained are only indirectly related to the pres
ence and severity of the flaws, and much subjec
tive interpretation is necessary.

Any discussion of NDE requires a clear defini
tion of the term"defect." A defect is a discontinu
ity that creates a substantial risk of failure in a
component or structure during its service life.
Although the aim of NOE is to detect defects, it
provides evidence of flaws, as well. The Signifi
cance of these flaws and whether or not they are
actually defects must then be determined. The
development of NOE procedures often includes
a collaboration between the NOE, engineering,
and design functions to investigate the signifi
cance of defects.

There are five principal test methods: penetrant
testing, magnetic-particle testing, eddy-current
testing, radiographic testing, and ultrasonic test
ing. Although visual inspection is not strictly a
test method, it does have an important role in
NOE procedures and is often the only inspection
method used. Acoustic emission (AE)testing and
leak testing are described separately, because
they are somewhat different in character and are
not used as widely. There are other NOE meth
ods that have been omitted because they are very
specialized.

Applications

A useful distinction can be made between those
NOE methods that are applied to welds during
manufacturing and those that are applied to
welds as part of plant and machinery mainte
nance. Although the same methods and tech
niques can be applied in both areas, there are
important differences in inspection goals and,
therefore, in test procedures.

In manufacturing, NOE is one of a series of
quality-control techniques. The integration of
these techniques into the manufacturing process
is an important management subject. The first
step is to decide at what stage or stages the NDE
is to be carried out. Components that are brought
in-house can be inspected prior to welding. An
ultrasonic examination of a parent plate, for ex
ample, will show areas that contain laminations.
Although these laminations may not be defects in

"Adapted fromASM Handbook, Volume 6,p 1081-1088,and ASMHandbook,Volume 17,p 582~02.
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Fig. 1 Weld gage

themselves, lamellar tears could result where
they occur near the weld in a specific orientation.

During the welding of thick sections, the mag
netic-particle testing (MPT) of the root-pass and
hot pass, in an attempt to find cracks before fill
ing the weld groove, could save on repair costs.
Using dry powder techniques, MPT can be car
ried out while surfaces are still hot.

Attempts have been made to incorporate NDE
techniques with continuous monitoring of the
weld process . Eddy-current testing, for example,
has been used on small-bore induction-welded
tube to provide feedback to control the welding
process. However, tot al automation with real
time evaluation of test results is still not generally
available, except in very simple applications,
where results can be evaluated with simple
go/no-go acceptance criteria.

Nondestructive evaluation is usually con
ducted at the end of a manufacturing process . In
that capacity, it functions as part of the specifica
tion requirements and thus provides a safeguard
against sending defective components or struc
tures to customers. Unfortunately, conducting
NDE after welding has been completed is not
satisfactory. The necessity of repairs has given
NDE a negative image in the manufacturing
process. The early implementation of NDE in the
process and the consequent actions to reduce re
pair rates is a more positive use.

NDE techniques have been used increasingly
in plant and machinery maintenance, as a result
of numerous industrial trends. The trend toward
improved safety of operation, particularly in air
craft and nuclear power plants, is an obvious
example. In times of economic recession, the op
erating life of a plant tends to be extended, and
NDE has been utilized with increasing fre
quency. Environmental issues also have pro
vided a stimulus to NDE activity. The inspection
of storage tanks at refineries, where corrosion
needs to be detected before leaks develop, is a
good example.

As already noted, the performance capability
required of NDE during the manufacturing proc
ess can be quite different from that needed dur
ing plant maintenance. Generally, the sizing ac
cmacy is more important in maintenance,
whereas the reliability of detection is more im
portant in manufacturing. Because of the inher
ent unreliability of many techniques, a wide tol
erance between critical defect size and flaw
detection threshold is needed in manufacturing.
However, the incorporation of fitness-for-pur
pos e philosophies into quality control is having
the effect of reducing this tolerance and placing
greater emphasis on NDE sizing accuracy in all
applications.

NDEMethods

A variety of NDE methods are briefly described
below, along with some of the operating prob
lems that can be encountered. The limitations of
NDE methods are further described in the section
"NDE Performance" in this article.

Visual inspection, although not itself a test
method, is the most common NDE method and,
arguably, the most important. Indeed, a thor
ough visual examination is a prerequisite of suc
cessful NDE . Much can be inferred from the sur
face of the weld, including information about its
internal condition, although a good weld surface
does not necessarily indicate a defect-free weld.

Mechanical gages are available for measuring
such dimensions as the height of the weld bead,
the depth of the undercut, and the weld size (Fig.
1). When surfaces are not accessible, it may be
possible to use borescopes and flexible en
doscopes to view the weld. Their use doe s require
some familiarization, because they give a very
flat field of view in which important features can
be lost unless the surface is illuminated carefully.

Penetrant Testing. Penetrants provide a
method of enhancing the visibility of flaws. A
strongly color ed, or fluorescent, liquid is applied
liberally to the test surface and left to infiltrate
surface-breaking cavities and cracks . The surface
contact time is typically about 15 min. The excess
liquid is then wiped from the surface, using some
solvent, and a fine white developer powder is
applied, usually as an aerosol in a volatile sol
vent. As the solvent evaporates, the penetrant
liquid that is trapped in the flaws is drawn into
the dry developer powder by a reverse-capillary
action, For a cavity, this process may take no
more than 1 s, but for a fine hairline crack, it may
be necessary to wait more than 1 h for a visible
indication.

The several penetrant types that exist can be
distinguished on the basis of color, method of
removal, and the form of the developer. Red
penetrants, which are the most commonly used,



require good daylight viewing conditions and a
white background to improve contrast. Fluores
cent penetrants are used wh en high sensitivity to
fine flaws on relatively smooth surfaces is
needed. They require black-light viewing condi
tions.

Solvent-removable red penetrants are the most
convenient for site use . They can be provided in
three aero sol cans of penetrant , cleaning fluid,
and developer. Unfortunately, solvents are a
health haz ard and should be app lied only in well
ventilated areas . A safer alterna tive is the water
washable pene trant.

When the geome try of the test piece is too com
plicated for an even coating to be applied using a
spray, the developer can be applied dir ectly as a
dry powder. A dry powder is more suit ed to
fluorescent penetrants, because it does not pro
vide a white background, and the thickness of the
coating reduces the blotting action and sensitiv
ity, but improves image definition.

The compatibility of the penetrant with the test
material mu st be consid ered. Residues of pene
trant can be d ifficult to rem ove after the test.
Traces of chlorine will corrode stainless steels
and hydroxides will attack alum inum. The trace
element content is provided by the manufacturer
of the penetrant.

Although it is the most conunon NDE method,
penetrant testing is widely misused . The test sur 
faces are often inadequately cleaned, the pene
trant conta ct time with the sur face is too shor t, or
the excess penetrant is removed carelessly from
flaws, as we ll as from the surface. In addition,
because the method only detects flaws that are
open to the surfa ce, abr asive cleaning methods
may peen over fine, sur face-breaking cracks. This
problem can ar ise when penetrant s are used to
chase fine hairline cracks or incomplete fusion
with grinding.

Magnetic particle testing is the preferred
method for detecting surface-breaking and, un
der certain circumstances, near-surface flaws in
situations where a test material can be magnet 
ized.

This method depends on the flaw disrupting
the magnetic flux generated along the surface of
the weld by a permanent magnet or electromag
nets, or by electric-current-carry ing electrod es
and cables. Flux leak age from the surface creates
magnetic pol es, which attra ct the magn etic parti
cles, creating a clearly visible image of the flaw .
The method is particularly sensitive to the detec
tion of crack s, where, like penetrants, the parti
cles identify flaws with well-defined features.
However, the flux leakage may be absent alto 
gether, if the crack runs parallel with the mag
netic field . It is therefore vital that the inspection
surface be magn etized in two directions at right
angles to each other .
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Fig. 2 Magnetic -parlicle testing of a weld with an elec tromag
ne t

Imp ort ant consid erations associated with MPT
are the method of magnetization, the detecting
medium, and the ways in which the field direc 
tion and strength can be measured, A very con
ven ient method of magnetization is to use per
manent magnets, which do not need a power
sour ce. Because the magnetic field is in a constant
direction and doe s not alterna te, it penetrates the
sur face to give some sensitivity to sub surface
flaws. However, perm anent magnets are difficult
to manipulate in confine d spaces. If prop er con
tact between the feet of the magnet and the test
sur face is not achieved, then the density of ma g
netic flux in the test p iece is weakened, and the
test sensitivity is reduced.

Electromagnets are easier to use and can gener
ate magnetic fields with alternating current (ac)
(Fig. 2). The skin effect caused by ac concentrates
the flux at the surface, improving the sensitivity
to surface-breaking flaws, particularly on con
toured surfaces.

Prod magnetization, in which electrodes carry
ing a high-amperage, low-volt age current are
pressed onto the test sur face to induce a dis
tort ed, circular magnetic field, prov ides the most
controlled method of magnetization . Although
the electrodes can be manipulated mor e easily
into tight corners, they do have two major disad
vantages, which can preclude their usefulness.
First, the arc strikes that can occur at the prod
contact points can damage the test surface. Sec
ond , the electrodes may require a two-man op
era tion.

Cable magnetization is common in diver in
spections of underwater node welds on oil plat-
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Fig. 3 Eddy-current test instrument with vector point display

forms. The cables are wrapped around the pipe
adjacent to the weld. The induced field, which is
directed across the weld, is sensitive to longitudi
nal cracks only.

The fine particles that are applied to the mag
netized surface to detect the flux-leakage fields
must be highly magnetic. Materials commonly
used are black iron and red or yellow iron oxides.
The iron particles can be coated with a fluores
cent material and viewed in black light. Before
black particles are applied, the surface can be
coated with a thin, white lacquer to improve con
trast, Although the particles are typically sprayed
on the surface as a suspension in wa ter or solvent,
they also can be applied as a dry powder. Dry
powders can be used on hot surfaces or in cases
where contamination is an issue.

To ensure that the magnetic flux is adequate,
indicators such as the Berthold gage can be
placed on the test surface. This type of indicator
contains fine graticules of a highly magnetic ma
terial set in a nonmagnetic base . The graticules
are made visible when the particles are applied
and the magnetic field is of sufficient strength in
a right-angled direction to the graticule. How
ever, the indicators are influenced more by the
tangential field across the test surface than by the
magnetic field within the test piece . Therefore, as
an indicator of test sensitivity, they should be
treated with circumspection. It is possible to see
defects, even when the indicator has been placed
on a nonmagnetic material, where there is obvi
ously no defect sensitivity at all .

The MPT process can leave res idual fields that
interfere with welding processes. Demagnetiza
tion can be achieved by slowly wiping the surface
with an ac yoke.

Eddy-current testing techniques have been
used Widely in automated tube-testing systems
and material sorting, as well as in the inspection
of aircraft components and structures. For the
testing of welds, there is a growing interest in
using eddy-current testing as an alternative to

MPT and penetrant testing, because the method
is able to detect cracks beneath a thick layer of
paint.

Like MPT, eddy-current testing relies on the
flaw disrupting the energizing field, which is
electrical, circular, and induced by a small coil
carrying high-frequency alternating current.
Therefore, the orientation of vertical planar flaws
is not important, but the coil has to be scanned
intensively over the test surface to ensure cover
age. Laminar flaws are not detectable.

The method relies on detecting changes in the
impedance of a coil that are caused by deflections
in the eddy-current field around a flaw . The
eddy-current field is affected by changes in mate
rial properties, surface geometry, edges, and
many other factors that are unrelated to flaw s.
For this reason, the analysis of eddy-current test
results can be difficult. The important compo
nents of the test equipment are the instrument,
the probe containing the coil, and the calibration
block containing slots or other artificial flaws .

Meter-reading instruments may be adequate
for simple tests, but for more complex applica
tions, such as weld testing, a cathode-ray tube
with a vector point display is needed for analyz
ing the induced coil current (Fig. 3). The vector
point provides information about the impedance
of the coil. This is a complex quantity, which
measures the amplitude and phase of the coil
current. Certain directional movements in the
vector point on the screen representing phase
changes between coil current and voltage are as
sociated with well-defined effects, such as lift-off
effect (the up and down movement of the coil)
and the edge effect (coil approaching an edge of
the test piece). These can be distinguished from
vector movements in other directions that are
caused by cracks.

For weld testing, the coils are housed in pencil
like probes, which can be scanned along the weld
cap. Coil arrangements can be varied to improve
performance. Simple absolute coils, for example,
are generally too noisy for testing welds. Alterna
tive differential coil arrangements have been de
veloped, which almost remove the lift-off noise
completely as the probe scans the rough surface
of the weld cap.

A measurement of crack depth is achieved by
comparing the crack signal with the signal from
a slot of known depth in a calibration block. This
can be regarded only as a very approximate
measure. It doe s not consider the crack width and
inclination to the surface.

On the vector point display, the phase separa
tion between lift-off and crack signals depends
on the frequency of the coil current, as well as the
coil design. The test frequency also determines
the depth of penetration of the eddy-current field
and, therefore, the sensitivity to sub surface flaws.



At test frequencies below 1 kHz, the field can
penetrate aluminum to a depth of several milli
meters. However, for ferromagnetic materials,
the overriding factor determining depth of pene
tration is the magnetic permeability, which re
stricts the eddy-current field to the surface unless
it is removed by saturating the material with
magnetism.

Radiographic testing, in the past, has formed
the basis of weld inspection for internal flaws .
However, it is an expensive method, and increas
ing restrictions on the use of ionizing radiation
has led to a shift toward alternative ultrasonic
testing techniques.

The radiographic technique uses radiation,
either as x-rays or gamma rays, to penetrate the
weld to create a latent image on radiographic
film. The test piece absorbs radiation, but when
flaws are present, less is absorbed than the
amount absorbed by the parent material, which
produces a localized darkening of the film. If the
radiation source is sufficiently far from the object,
then the image of the flaw will be sharp. Cavities
with a through thickness of the order of only 1%
of wall thickness can be discerned.

Most radiography is carried out with x-rays
from tubes that operate in a voltage range be
tween 120 and 400 kV. Higher voltages can be
achieved using special equipment. As the thick
ness of the test object increases, the amount of
kilovolts also must increase to keep the exposure
time down to 4 to 6 min, typically, to avoid short
ening the tube service life. However, high volt
ages reduce the image quality.

Gamma rays are produced by the radioactive
decay of isotopes and do not need an electric
power supply. Therefore, they are used exten
sively in site work. Iridium 192 is the usual iso
tope choice. However, for thick sections (72 in.),
cesium-137 and cobalt-60 provide higher energy,
whereas for thin sections ytterbium-169 is suit
able . Generally, the quality of gamma radio
graphs is not as good as that of x-radiographs.

The test results are viewed in a radiograph. The
radiographic films are chosen to achieve optimal
definition and contrast within practicable expo
sure times. Faster films are needed where sec
tions are thick, but at the sacrifice of image defi
nition. Speed can be increased by replacing
lead-intensifying screens that are in contact with
the film with fluorescent ones, but this will result
in a loss of definition.

The radiographs are viewed as negatives. The
highest contrast is attained at image densities of
the order of 3.0 on a log scale and, therefore, the
radiographs can only be viewed in high-intensity
transmitted light. If the image can be viewed with
the film held up in front of normal light bulbs,
then the density is much too low.
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Fig. 4 Radiographic testing of a pipe with a panoramic tech
nique

As an alternative to film radiography, where it
can take 20 min to develop a radiograph that can
be viewed, radioscopy offers images in real time.
The images are created on x-ray-sensitive screens
that can be intensified and scanned with a camera
for visual display. However, screen resolution
and contrast are not as high as with film radiog
raphy.

Obviously, taking a conventional radiograph
necessitates access to both sides of the object.
Thus, there is a variety of techniques for inspect
ing pipe welds . For pipe diameters that exceed
750 mm (30 in.) and allow access to the center,
panoramic techniques are the most efficient (Fig.
4). For smaller pipes that do not allow internal
access, both film and source must be on the out
side. Exposure times are increased because the
radiation must penetrate two walls. Inspection
rates are reduced further, because the pipe has to
be covered in multiple exposures.

If the pipe diameter is less than 75 mm (3 in.),
then the number of exposures can be halved by
putting the source at a sufficient distance away
from the pipe to provide images of both the near
and the far sides of the weld. The so-called dou
ble-wall, double-image technique is often used
on welds in steam-generator pipes and con
denser tubes.

Radiography can be used on welds in more
complex geometries, such as nodes and T-joints,
but only for detecting large volumetric flaws.
Film cassettes that are double loaded with one
fast and one slow film are used to accommodate
the large variation in penetrated thickness across
the weld.

The sensitivity of the radiograph is assessed
using image quality indicators (IQIs), which can
either be fine wires placed across the weld or
plaques with small drilled holes placed adjacent
to the weld. The dimension of the smallest visible
hole or wire in the radiograph is a measure of its
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Fig.5 Ultrasonic examination of a nozzle weld

sensitivity. These are described in greater detail
in the section "Sensitivity" in this article.

Ultrasonic testing receives more attention in
the literature than any other NDE method, be
cause of its use in critical applications, such as in
the nuclear industry, and because it requires the
highest level of skill. Like sonar, the method re
lies on propagating pulses of sound through a
medium and then picking up reflected echoes.
However, because the sound is of an ultrasonic
frequency, the pulses are propagated along a nar
row beam in a fixed direction, typically at refrac
tion angles of 0, 45, 60, or 70° from the probe
placed on the surface. To achieve coverage, the
beam must therefore be scanned in a tight raster
fashion over the test surface.

The surface of the flaw will have an important
effect on the echo. Planar specular reflectors will
only reflect the sound back to the probe if they lie
in a plane perpendicular to the beam. Therefore,
the detection of incomplete fusion in the sidewall
of groove welds will require the judicious selec
tion of probe beam angles. On the other hand, the
echo amplitude is independent of beam direction
for spherical reflectors, such as pores.

In conventional ultrasonic testing, the informa
tion collected by manually scanning the probe up
to the weld and, where the cap has been re
moved, across the weld, is displayed on a cath
ode-ray oscilloscope in an A-scan display (Fig.5).
This provides information about the amplitude
of the echo and the distance of the reflector from
the probe. Interpretation of the A-scan requires a
high level of skill . It does not provide a perma
nent record of the test, which is, perhaps, the
most important disadvantage of ultrasonic test
ing. On the other hand, the A-scan does provide
information about the nature, size, and location
of the flaw, which is further described in the
section "NDE Performance" in this article.

The A-scan is viewed with the ultrasonic flaw
detector instrument, which has controls to adjust
range, delay, and gain. Recently, instruments

with digitally created A-scans have started to
replace those based on analog. They are capable
of making printouts of the screen, but with some
loss in resolution.

In addition to the beam angle mentioned
above, probes can be selected according to ultra
sound frequency, transducer diameter, and wave
mode (shear or compression). Lower frequencies,
such as 1 to 2.5 MHz, are used on thick sections.

An important aspect of ultrasonic testing is
calibration. The time base of the A-scan must be
calibrated for distance in millimeters or inches,
and the amplitude of signals must be calibrated
in dB, relative to some reference reflector. This is
achieved using standard calibration blocks that
are made from the same material as the test piece
and contain reflectors at known distances and of
known dimensions. To calibrate the amplitude of
the A-scan, side-drilled holes are typically used
in a range of distances. By observing the fall-off
in signal amplitude with distance, the important
distance-amplitude correction (DAC) can be ap
plied to the A-scan.

Besides the flaw detector, probes, and calibra
tion blocks, thick liquid couplants are needed to
transmit the ultrasound from the probe into the
test piece. The test surface has an important bear
ing on coupling efficiency. It should be smooth
and free from loose debris. Although ultrasonic
tests can be carried out on painted surfaces, the
instrument gain should be increased to account
for transfer losses.

One of the most common problems with ultra
sonic testing is insufficient access for probe scan
ning. The width of scanning surfaces should be
considered carefully at the weld design stage.

Other NDE methods also exist. Acoustic emis
sion and leak testing are worth mentioning here
because of their use in weld testing. Acoustic
emissions are stress waves generated from crack
growth and plastic deformation. Therefore, the
weld has to be loaded. The emissions range in
frequency from 20 to 1200 kHz and are picked up
with piezoelectric transducers fixed to the struc
ture in arrays that are from 1 to 6 m (3.3 to 19.7 ft)
apart. The emissions generally occur in bursts
and are of very low amplitude. The instruments
are able to amplify the signals and filter out the
high levels of associated noise, producing a re
cord of emissions over time. The emissions are
difficult to define, because of their wide ampli
tude and frequency range. Moreover, the re
sponse of the transducers has an overriding effect
on the signals. In most conventional systems, the
analysis of emissions is simplified to include the
number of counts (emissions exceeding a thresh
old level), their amplitude, and the rise time of
pulses.

Acoustic emission testing has three important
applications in the welding field : the in-process



monitoring of resistance welds, the detection of
leaking welds in storage tanks, and the proof
testing of welded pressure vessels.

In the first of these applications, the AE is pro
duced by the thermal stresses created as the weld
cools and solidifies. Each weld process has a par
ticular AE signature, which can be monitored to
indicate suboptimal performance.

Leaks that produce turbulent flow in the escap
ing fluid also produce stress waves. Therefore,
AE provides a noninvasive method of detecting
leaks in storage tanks. By taking triangulation
measurements from points around the tank, the
source can be located.

Perhaps the most effective use of AE is in the
proof testing of pressure vessels. The AE process
was originally developed for use with pressure
tests of vessels in glass-fiber-reinforced plastic. In
effect, it sensitizes the proof test so that subcriti
cal defects, which do not lead to failure in the test
but which may lead to subsequent failure, are
revealed.

Most AE problems are associated with noise.
Site testing requires quiet environmental condi
tions, without rain or wind. In addition, great
care has to be taken when loading structures to
avoid flaw propagation to critical levels. The past
loading history of the structure affects its AE
signature. For this reason, effective AE tests of
pressure vessels can only take place with the
initial pressure test. After the first loading, some
information about flaws will be lost.

As already mentioned, leak testing can be car
ried out using AE methods. However, there are
simpler methods that can be used in the field for
inspecting welds. For example, penetrant testing
can be adapted by applying the liquid to one
surface and observing the development of flaws
on the other.

The most common method of leak testing is the
bubble test, in which a bubble-forming solution is
sprayed onto the surface. To create the pressure
difference across the weld, which is necessary to
form the bubbles, the test area is either encased in
a transparent vacuum box or a positive pressure
is applied to the opposite side of the component.

For very small leaks, it is necessary to use tracer
gases with specialized detection equipment and
probes to locate the position of the leak. Gases of
small molecular size, such as helium, are used for
this purpose.

Test Procedures

A very important aspect of NDE is the develop
ment of test procedures. These are control docu
ments, which state how the test is to be per
formed and how the results are to be evaluated
and recorded. Written by an NDE specialist, the
procedure attempts to provide the test operator
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with information to ensure that the defects being
sought are detected in a repeatable manner.

Nondestructive evaluation procedures can be
classified as either routine or special. The routine
procedure is written in accordance with a specifi
cation or code. The specialprocedure is written to
meet a particular requirement, which is not cov
ered by a specification. Special procedures are
more prevalent during in-service monitoring and
may require validation trials on specimens that
possess simulated defects.

A good procedure will be clear and concise,
and it will provide adequate coverage within the
constraints set by cost and time for inspection.
The procedure will start with a title page that
includes a reference number as part of a quality
assurance system. At times, the procedures may
be amended, and the system must be able to cope
with this. In addition to the name of the person
who wrote the procedure, someone in authority,
who must also print his or her name and sign and
date the document, must approve the procedure.
The next section of the procedure will list the
precise details of the equipment to be used, list
ing alternatives, if possible.

The level of competence required of the test
operators must also be defined. In situations
where nationally accepted schemes, such as the
American Society of Nondestructive Testing
(ASNT), are mentioned, finding an equivalent
scheme can be a problem. Attempts are being
made to formalize agreements among national
certification schemes.

The section of the procedure that is known as
the technique comprises equipment setup and
test operation. This is at the core of the procedure
document and requires the most careful prepara
tion. It is not uncommon to list several techniques
within one procedure document, where each re
fers to a different type of weld in a structure, but
is covered by the same equipment, personnel,
calibration, evaluation, and recording require
ments as the other techniques.

The methods used to evaluate the test results
must be described carefully. They should con
sider the way in which the results are presented,
that is, images or signals. It may be appropriate
to evaluate the porosity visible in a radiographic
image in terms of density as a percentage of area.
However, with ultrasonic testing, the signals on
the A-scan cannot be interpreted in this way.

The final section of the document deals with
the recording of results. Written evidence is al
ways required to document how the test was
carried out, so that it can be repeated. Report
forms must be designed carefully to include se
rial numbers of equipment, for example. Radiog
raphy is the only routine method that provides a
permanent record of the test results. Although
photographs can be taken of flaws found by
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penetrant and magnetic-particle testing, the re
sults of eddy-current and ultrasonic tests are
more difficult to record. The information about
signal amplitude and position can be logged in a
table and plotted onto diagrams of the weld, but
it is the skill of the test operator that ultimately
determines the quality of the report.

Test-Operator Training

The training and certification ofNDE operators
receives a great deal of attention. The approach
established by ASNT has been adopted by many
national schemes, but with important differ
ences. Broadly speaking, there are three levels of
competence for each method. At Level I, the test
operators have progressed from trainees to a
stage at which they can conduct tests under su
pervision. At Level II, they are able to conduct
tests independently, write test procedures, and
generally provide the base manpower for NDE
operations. At Level III are supervisors and man
agers responsible for the NDE function. They
have a more general knowledge of NDE and
quality control and are in a position to approve
NDE procedure documents, for example. At each
level, the technician will have passed a written
examination and demonstrated practical profi
ciency in conducting tests.

The situation is complicated by the need to
qualify test operators not only for the method,
but for the application. Personnel involved in the
inspection of groove welds in plate, for example,
may not have received training for the inspection
of groove welds in T-joints, This led the ASNT to
establish schemes that were company specific.
Each company establishes its own training and
certification scheme according to the document
SNT-TC-IA, "Recommended Practice for Quali
fication and Certification in NDT." This is subject
to external audit.

European certification schemes such as PCN
(United Kingdom), COFREND (France), and
NORDTEST (Scandinavia) also have three levels
of competence, but the approvals are conducted
at independent test centers.

NDE Performance

Nondestructive evaluation detects and evalu
ates flaws indirectly by the way in which the flaw
interrupts a magnetic field or reflects ultrasound,
for example. Measuring the performance of NDE
in carrying out this task is difficult, because of
ambiguities in the interpretation of test results.
Nondestructive evaluation is not an exact sci
ence.

The detection capability of the test is expressed
in terms of its sensitivity, but the test may also

provide information about the nature, size, and
location of the flaw. These are all important at
tributes in determining whether or not a flaw is
significant.

Nature of the Flaw. Nondestructive evaluation
methods can be segregated in terms of those that
provide images of the flaw (visual inspection and
penetrant, magnetic particle, and radiographic
testing) and those that provide signals from the
flaw (ultrasonic and eddy-current testing).

The nature of the flaw can be more easily as
sessed from images than from signals. However,
interpreting images is not always straightfor
ward. Penetrant tests, for example, indicate flaws
that are a result of a blotting action. This can have
the effectof forming a line of rounded flaws from
a linear flaw. Cleaning away the developer and
closely examining the purported flaw with a
magnifying glass is usually sufficient to assess
ambiguity.

With MPT, the sharp change in contour that
occurs at the weld toe produces a flux-leakage
field that attracts magnetic particles. This indi
cates a flaw that can be mistaken for a toe crack.
Generally, however, the flaw is weak and can be
blown away from the surface. Grinding the weld
toe to a favorable profile can improve accuracy.

Because radiographic testing provides a two
dimensional image of a three-dimensional object,
images from the surface can be confused with
those from internal flaws. Visual inspection may
be necessary to distinguish an undercut from a
slag inclusion, for example.

The identification of flaws from signals is se
verely limited. With eddy-current testing, an ob
servation of vector displacements on the cathode
ray tube may distinguish surface from subsurface
cracks, for example, but only after careful selec
tion of the test frequency.

The signals displayed in the A-scan of an ultra
sonic flaw detector provide more information,
including distance and amplitude information
collected as the probe scans the surface. These
so-called echo dynamic patterns make it easier to
characterize a flaw using an ultrasonic test than it
is with an eddy-current test. Flaw charac
terization based on ultrasonic tests is currently a
matter of much interest.

Flaw Size. After a flaw has been detected and
its nature determined, the next step is to measure
its dimensions. Measuring the length of a flaw is
straightforward. However, the blotting effects of
penetrants must be taken into account. Other
problems can arise in radiography, where the full
extent of a fine linear flaw can be seriously under
estimated if its plane moves out of parallel with
the radiation beam.

In an eddy-current or ultrasonic test, the length
of probe movement between the indication end
points is what is being measured. The definition



of the end points can be a problem. The most
common method employed in ultrasonic tests is
the 6 dB drop sizing method, in which the probe
is moved off the edge of the flaw to the point
where the signal has dropped in amplitude by 6
dB or half its original amplitude. The axis of the
sound beam is now half on and half off the flaw
and can be taken as delineating the flaw edge.
This can be done to an accuracy of ±5 mm (±O.2
in.).

The width of a flaw also can be measured in an
image, but it is generally too small to be meas
ured by eddy-current or ultrasonic test methods.

After length, the next most important dimen
sion in assessing the significance of a flaw is its
height in the through-wall direction. Here, the
performance of imaging methods is severely lim
ited. Only qualitative assessments can be made
from the density of a defect indicated by pene
trant, magnetic particle, or radiographic testing.
On the other hand, eddy-current and ultrasonic
tests do provide quantifiable information.

Comparisons with slots of known depth in a
reference block serve to calibrate the vector dis
placements on an eddy-current instrument.
Cracks to a depth of 3 mm (0.12in.) can be meas
ured with an accuracy of 0.5 mm (0.02in.) in this
way.

Ultrasonic tests can provide a measure of the
through height of an internal flaw. There are four
methods, the simplest of which involves compar
ing the amplitude of the echo signal from the flaw
with the echo signal from a side-drilled or flat
bottomed hole. This can only be applied if the
dimension is smaller than the width of the ultra
sound beam (typically,S to 10 mm, or 0.2 to 0.4
in.).More importantly, when dealing with planar
flaws, the orientation mustbe taken into account.
If the plane of the flaw is more than 20° off per
pendicular to the axis of the sound beam, then the
echo will not be reflected back to the probe and it
even may go undetected.

For small planar flaws with a height of more
than 3 mm (0.12 in.), the preferred ultrasonic
sizing method is the 20 dB drop method. This
involves scanning the beam across the flaw and
finding the 20 dB drop points. The beampath and
probe positions at these points are plotted on a
diagram of the weld using a cursor or overlay
with the 20 dB beam profile to give the flaw
edges. An accuracy of±3 mm (±0.12 in.) is achiev
able.

For planar flaws with large through-wall di
mensions, such as cracks, the maximum-ampli
tude method involves plotting the facets of a flaw
to indicate its orientation and dimension.

The location of the flaw in the through dimen
sion of the weld is important in determining its
significance. Flaws that are near a surface are
more significant than flaws in the center of a
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weld. In a radiograph, this can only be inferred.
Root flaws may appear in the center of the weld
image, but may be confused with flaws that are
near the weld cap. Only ultrasonic testing can
provide definitive information about the
through-wall location of a flaw. Indeed, it is often
necessary to supplement radiographic tests with
ultrasonic tests for this purpose.

Flaw location is, perhaps, the most reliable
function of ultrasonic tests. To locate an echo
signal, the time base of the A-scan must be accu
rately calibrated for distance. Variations in the
velocity of ultrasound are not uncommon, but
generally an accuracy to within 1 mm (0.04 in.)
can be expected. The angle of the ultrasound
beam and the probe index point must also be
checked regularly with a calibration block. Shoe
wear can lead to inaccuracies.

Finally, the position of the probe on the test
surface at the point of maximum signal ampli
tude must be measured from the weld centerline,
which should always be marked clearly on the
test surface. However, the reliability of flaw loca
tion with ultrasonic testing depends on the skill
of the operator. Carelessness can lead to errors,
for example, in plotting the flaw on the wrong
side of the weld.

Sensitivity. When dealing with images, sensi
tivity is expressed in terms of contrast and defini
tion. When dealing with signals, it is the separa
tion of signals from the background noise or
signal/noise ratio.

The contrast and definition of penetrant testing
and MPT can be enhanced by using fluorescent
materials. Variations in contrast can be recog
nized more easily than with colored materials,
and finer details in the flaw can be observed.
However, on rough surfaces, background color
can lead to a loss in sensitivity.

The contrast in a radiographic image is im
proved by decreasing the energy of the radiation
and increasing the density of the image. In
gamma radiography, the energy is fixed by the
type of isotope, whereas in x-radiography, it can
be varied with the tube voltage. The radiation
from iridium-192 has an x-ray equivalent in the
500 kV to 1 MeV range and, therefore, image
quality is not as good as it is with x-rays in the
usual 150 to 400 kV range. Ytterbium-169 has a
much lower energy level, producing nearly x-ray
image quality, but it suffers from a short half life
and low output.

Although radiographic definition is also re
duced by using higher-energy radiation, the most
important factor that affects definition is the un
sharpness, or penumbra, effect. This is caused by
having a source, or x-ray focal spot, of finite size,
typically 3 to 4 mm (0.12to 0.16 in.). It is reduced
by moving the object away to a distance of 0.5 to
1 m (1.6to 3.3 ft) from the source, depending on
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object thickness, or by using special minifocused
or microfocused x-ray tubes.

The contrast and definition of a radiograph can
be assessed using a penetrameter or an IQI. The
size and type of penetrameter are specified by
standards such as the American Society for Test
ing and Materials ASTM 747, "Method for Con
trolling Quality of Radiographic Examination
Using Wire Parameter." This instrument is
placed near the weld or, in the case of a wire-type
IQI, across the weld, on its source side at the time
the radiograph is taken. The IQI comprises care
fully dimensioned wires or steps with holes. By
counting the number of wires or stepped holes
that are visible on the radiograph, the sensitivity
can be calculated as a percentage of wall thick
ness, or T value. If calculated as a percentage,
then a value of 1 to 2% is normally acceptable. A
higher percentage indicates a lower sensitivity.

Despite a high level of sensitivity, fine planar
flaws can be missed if they are not oriented al
most parallel with the radiation beam. Radiogra
phy is not effective at detecting incomplete side
wall fusion in metal-inert gas welds with a 30°
chamfer angle, for example, unless the radio
graphic source is aligned with the angle, which
requires multiple exposures.

In eddy-current testing, improving the sig
nal/noise ratio is based on selecting appropriate
coil configurations, test frequencies, and y/ x po
tential ratios on the vector point display. A phase
separation approaching 90° between the imped
ance vector caused by noise as the probe moves
along the weld surface (lift-off) and the imped
ance vector from cracks can be achieved. Further
reductions in noise can be made using signal
filters, but the probe then has to be scanned at a
constant speed.

The test frequency also affects the signal-to
noise separation in ultrasonic testing. As the fre
quency increases, the ultrasound attenuation
rises, and the reduced ultrasound wavelength is
scattered to produce more noise. Generally, the
optimal frequencies for ultrasonic testing of
welds in ferritic steels range from 4 to 5 MHz. The
frequencies are higher for welds that are less than
10 mm (0.4 in.) thick, and lower for welds that are
more than 50 mm (2 in.) thick. It should be noted,
however, that some test procedures call for lower
frequencies, because their flaw evaluation is
based on echo amplitude only. At lower frequen
cies, beam spread is greater and, therefore, signal
amplitude is less dependent on flaw orientation.

Evaluation of Test Results

The evaluation of test results and the setting of
accept/reject criteria for weld flaws are the sub
jects of much current debate. This is because of
the empirical way in which the criteria were de-

rived in the past. As new developments in defect
assessment, such as fracture mechanics, set the
trend toward more sophisticated methods of
evaluating NDE results, the discrepancies in cur
rent practice become more apparent. This is par
ticularly true of ultrasonic testing.

In general, the accept/reject criteria used in
national standards draw a distinction between
rounded and elongated flaws, as well as volu
metric and planar ones. With NDE methods that
produce an image of the flaw, this is a simple
task. An elongated flaw is usually defined as one
in which the length is more than three times the
width.

Flaws rarely occur in isolation, and their distri
bution and proximity to each other are important
characteristics. Porosity may lie isolated, clus
tered, or aligned. If it is aligned, then it is more
significant than if it were random, because there
is likely to be incomplete fusion.

The NDE methods that produce signals from
the flaw are the most difficult to evaluate. In
ultrasonic tests, the simplest method of evalu
ation is to use echo amplitude and length criteria
only. This can lead to planar flaws being under
sized, if they are poorly oriented in the ultra
sound beam. It is therefore important, in an ultra
sonic test, to first characterize the flaw and, in
particular, to distinguish planar flaws from volu
metric ones. The identification of planar flaws
such as cracks and incomplete fusion primarily
depends on the skill of the test operator, who
considers the signal location, shape, response to
probe movement, and relative amplitude from
different sides of the weld and with different
probe beam angles.

Volumetric flaws, on the other hand, can be
evaluated in terms of signal amplitude and
length. In some specifications, for example, if the
signal amplitude exceeds the DAC set-off 3 mm
(0.12 in.) diameter holes, and the dB-drop length
of the flaw exceeds the wall thickness of the weld,
then the flaw is rejected as a defect.

The accept/reject criteria are usually set by a
fabrication or manufacturing standard. In the
past, these standards have been application spe
cific. For example, ASME (American Society of
Mechanical Engineers) Section VllI has governed
the manufacture of unfired pressure vessels. In
the new European standards, however, the move
is toward blanket quality levels, where each qual
ity level defines the NDE procedures and defect
accept/reject criteria and is selected according to
the application.

Selection of the NDE Method

The selection of the appropriate NDE method
is influenced by a number of factors related to the
test conditions. Those described here are not ex-
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Table 1 Selection of NDEtechnique on basis of material
A, most applicable; S, applicable; C, least applicable

Eddy Radiographic illtrasonic
Malerial Visual Penetrants MIT current testing testing

Bulk plastic A B A C
Glass fiber reinforced plastic A B A C
Carbon fiber reinforced plastic B C C A A
Low-carbon steel B B A C B A
High-alloy steel B B C B B B
Aluminum alloy B B B A B
Titanium alloys B B B A B
Duplex stainless steel B B C C A B
Copper alloys B A C B C

elusive. There may be other constraints on selec
tion, such as availability of trained personnel or
costs. The methods shown in Tables 1 to 3 are
rated according to their applicability. This rating
is not easily quantifiable, because it must account
for the ease of test operation, its efficacy in find
ing flaws common to the application, and
whether or not it is the only applicable NDE
method.

There are various techniques for applying each
NDE method, some of which are more appropri
ate than others and might therefore alter the rat
ing. It is often the case that two methods are
complementary to each other. For example, ra
diographic testing will detect planar ones. The
method of selection discussed below is based on
the material, weld geometry, and type of flaw.

Material. For NDE purposes, the material be
ing tested can be categorized as shown in Table 1.
First, a distinction is drawn between metal and
nonmetal.

Nondestructive evaluation methods are being
increasingly applied to welds in thermoplastics,
which can take the form of bulk plastics or com
posites with reinforcing fibers. Electrical and
magnetic testing methods cannot be applied to
bulk plastics, of course. Eddy-current techniques
have been used on carbon fiber reinforced plas
tics, because of the conductive properties of the
fibers. Penetrants also can be used, but care must
be taken to ensure that solvents do not attack the
plastic.

Radiographic techniques can be applied using
low-kilovolt techniques, which are necessary be
cause of the low absorption coefficient for x-rays
of plastics. Typical values are between 10 and 25
kV. This can introduce problems such as cassette
pick-up and air absorption.

Plastics are highly attenuative of ultrasound,
and they will only propagate compressional
waves to any distance. However, ultrasonic tech
niques have been used with some success for the
inspection of hot-plate groove fusion welds in
polyethylene pipe.

Metals can be subcategorized as being either
magnetic or nonmagnetic, dense or light, and
isotropic or anisotropic. Obviously, MPT cannot
be used on nonferrous metals, but there are also
many high-alloy steels that are too weakly mag
netic to be magnetized. Other ferrous steels that
are often used in the aerospace industry are fer
romagnetic, but require stronger magnetizing
fields to create adequate flux leakage from flaws.
These also tend to have high magnetic retentivity
and are difficult to demagnetize after the inspec
tion.

The density and anisotropy in metals have the
greatest effect on test sensitivity in radiographic
and ultrasonic tests.

In general, radiation is absorbed more by dense
materials, such as austenitic steel, than by less
dense materials, such as aluminum. Because
higher-energy radiation is needed to penetrate
the same thickness of material, it has the effect of
decreasing image contrast and, therefore, test
sensitivity. Anisotropy that is due to a large grain
structure also results in radiation scattering, and,
sometimes, the appearance of diffraction mot
tling in the radiographs.

The velocity and attenuation of ultrasound is
affected by changes in material composition or
structure. This can be particularly apparent in
aluminum welds and duplex stainless steel. In
addition, large grain size can distort ultrasonic
signals.

Eddy-current tests are particularly susceptible
to interference from quite minor changes in the
material. For example, the change in magnetic
permeability at the heat-affected zone of a weld
in low-carbon steel can create noise that obscures
signals from toe cracks.

Weld geometry also has an important effect on
test method selection. The factors that need to be
considered include joint type and thickness,
whether or not there is access to both sides, and,
in the case of groove welds, the inclination of the
weld groove faces (Table 2).
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Table 2 Selection of NDEtechnique on basis of weld geometry
A, most applicable; B, applicable; C, least applicable

Eddy Radiographic Ultrasonic
Geomeby Vloual Penetrants MPT current testing testing

Groove plate/pipe B B B C A A
T-groove B B B C C A
Branch groove B B C C C A
Node B B B B C B
T-fillet A B A C C C
Branchfillet A B A C C C
Lap A B A C B C

<6 mm «0.2 in.) A B A B B C
6-15 mm (0.2-0.6 in.) B B B C A B
16-50 mm (0.6-2 in.) C C C C B A
>50 mm (>2 in.) C C C C B A

One-side access C C C C A
Both-side access B B B C A A
Single V C C C C B A
Double V B B B C A A

Visual inspection is applicable to all weld ge
ometries, but is particularly applicable to fillet
welds and welds in thin sections. Penetrant test
ing and MPf serve to enhance visual inspection.

Eddy-eurrent testing is the least applicable of
the test methods for weld inspection, but it is
being used increasingly in underwater node in
spection as an alternative to MPT. For thin-sec
tion welds in nonmagnetic materials, it has suffi
cient penetrating power to offer an alternative to
ultrasonic testing.

Radiographic testing is of limited use in testing
welds that have a complex geometry, as well as
thick-section welds. Access to both sides of the
weld is essential.

Ultrasonic testing does not suffer from as many
geometric restrictions as radiographic testing,
but the method is difficult to use on small fillet
welds and thin sections, where A-scan interpreta
tion is complicated by the numerous geometric
echo signals.

Type of Flaw. Visual inspection is not applica
ble to internal flaws, but it is the only method that
can be used with most geometric flaws (Table 3).
Microflaws are visible only with the aid of mag
nification.

Penetrant testing and MPf enhance visual in
spection, but are particularly sensitive to surface
breaking cracks and incomplete fusion. Undercut
and other shallow and open flaws usually give
weak images, whereas overlap can be difficult to
distinguish from the sharp change in contour at
the weld toe. Eddy-current tests are very sensi
tive to planar flaws at the surface, but not to
volumetric flaws.

There are very few flaws that cannot be de
tected by radiographic testing. Planar flaws must
be oriented favorably in the radiation beam, and

it can be difficult to distinguish surface from sub
surface flaws, because of the two-dimensional
nature of the image. The angular "cusp" shapes
of an undercut can, for example, be indistinguish
able from inclusions. In addition to magnification
by way of microfocus radiographic techniques,
microflaws need very high levels of contrast and
definition in the radiograph in order to be de
tected.

Ultrasonic testing is often regarded as being
complementary to radiographic testing. Planar
flaws need to be oriented in a perpendicular
plane to the ultrasound beam, but because a
range of beam angles can be utilized, ultrasonic
testing is generally regarded as more sensitive to
cracks and incomplete fusion than radiography.
However, the characterization of different types
of flaw, both planar and volumetric, is extremely
difficult. Porosity produces low-amplitude echo
signals that barely exceed the recording thresh
old levels in most procedures.

NDE Examples

Typical examples of various NDE methods for
welds are described in this section. As with all
technologies, advances in NDE are being domi
nated by the introduction of computers. The em
phasis has been on the acquisition and recording
of data to aid the test operator and interpreter. In
the future, it is likely that computers may com
plete the analysis and evaluation of test results,
although the problems in interpreting the results
of even the simplest NDE procedure should not
be underestimated.

In radiographic testing, the replacement of
films by real-time imaging systems has been
aided by the introduction of image processing
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Table 3 Selection of NDEtechnique on basis of flaw type
A, most applicable; B,applicable; C, least applicable

Eddy Radiographic IDtrasonic
Haw Visual Penetrants MPr cunent lesting lesting

Microcracks A C C C C C
Longitudinal cracks C B B B A A
Transverse cracks C B B B A B
Radiating cracks C A B C A B
Crater cracks B B B C A C
Group discontinuous cracks B B B C A C
Branching cracks B B B B A C
Uniformly distributed porosity C B C C A C
Linear porosity C B C C A C
Elongated cavity C C C C A B
Wonnhole C C C C A C
Surface pore B A B C B C
Shrinkage cavity A B B C B C
Interdendritic shrinkage A C C C C C
Microshrinkage A C C C C C
Interdendritic microshrinkage A C C C C C
Crater pipe B A B C B C
Solid inclusion C A B
Slag inclusion C A B
Flux inclusion C A B
Oxide inclusion C C A B
Puckering A C
Metallic inclusion A B
Incomplete sidewall fusion C B B C B A
Incomplete interrun fusion C B B C B A
Incomplete root fusion C B B C A B
Incomplete penetration B B B C A B
Undercut A B B C B C
Shrinkage groove A B C
Excessive reinforcement A B C
Excessive convexity A B C
Excessive penetration A B C
Bad reinforcement angle A
Overlap B A B C C C
Misalignment A C
Burn-through A B C C B B
Incompletely filled groove A B C
Asymmetrical fillet A
Irregular bead A B
Root concavity A B C
Poor restart A B
Miscellaneous defects (spatter, etc.) A C C B

Source: ISO 6520

software that is able to improve the image quality
to almost film-like levels.

In eddy-current testing, the characterization of
different types of flaws by their effect on the
impedance at mixed coil frequencies is a complex
problem that is being tackled with neural net
work software.

The greatest advances have been made in ultra
sonic testing. Digitally controlled flaw detectors
make calibration more consistent and can pro
vide print-outs of the A-scan display. With probe
scanners, ultrasonic images can be created to pro
vide a hard copy of test results. Digitized signals
can be processed at much higher gain settings to
reveal diffracted echoes in accurate flaw sizing.

Visual Inspection

For many noncritical welds, integrity is verified
principally by visual inspection. Even when
other nondestructive methods are used, visual
inspection still constitutes an important part of
practical quality control. Widely used to detect
discontinuities, visual inspection is simple,
quick, and relatively inexpensive. The only aids
that might be used to determine the conformity
of a weld are a low-power magnifier, a borescope,
a dental mirror, or a gage. Visual inspection can
and should be done before, during, and after
welding. Although visual inspection is the sim
plest inspection method to use, a definite proce-
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Fig 6 Gage for visual inspection of a fillet weld at a 90· inter-
• section. Similar gages can be made for other angles. Di-

mension given in inches

dure should be established to ensure that it is
carried out accurately and uniformly.

Visual inspection is useful for checking the fol
lowing:

Although visual inspection is an invaluable
method, it is unreliable for detecting subsurface
flaws. Therefore, judgment of weld quality must
be based on information in addition to that af
forded by surface indications.

Additional information can be gained by obser
vations before and during welding. For example,
if the plate is free of laminations and properly
cleaned and if the welding procedure is followed
carefully, the completed weld can be judged on
the basis of visual inspection. Additional infor
mation can also be gained by using other NDI
methods that detect subsurface and surface
flaws.

Dimensional Accuracy and Conformity. All
weldments are fabricated to meet certain speci
fied dimensions. The fabricator must be aware of
the amount of shrinkage that can be expected at
each welded joint, the effect of welding sequence
on warpage or distortion, and the effect of sub
sequent heat treatment used to provide dimen
sional stability of the weldment in service. Weld
ments that require rigid control of final
dimensions usually must be machined after
welding. Dimensional tolerances for as-welded
components depend on the thickness of the ma
terial, the alloy being welded, the overall size of
the product, and the particular welding process
used.

The dimensional accuracy of weldments is de
termined by conventional measuring methods,
such as rules, scales, calipers, micrometers, and
gages. The conformity of welds with regard to
size and contour can be determined by a weld
gage. The weld gage shown in Fig. 6 is used when
visually inspecting fillet welds at 90° intersec
tions. The size of the fillet weld, which is defined
by the length of the leg, is stamped on the gage.
The weld gage determines whether or not the size
of the fillet weld is within allowable limits and
whether there is excessive concavity or convex
ity. This gage is designed for use on joints be
tween surfaces that are perpendicular. Special
weld gages are used when the surfaces are at
angles other than 90°. For groove welds, the
width of the finished welds must be in accord
ance with the required groove angle, root face,
and root opening. The height of reinforcement of
the face and root must be consistent with speci
fied requirements and can be measured by a weld
gage.

Appearance Standards. The acceptance of
welds with regard to appearance implies the use
of a visual standard, such as a sample weldment
or a workmanship standard. Requirements as to
surface appearance differ widely, depending on
the application. For example, when aesthetics are
important, a smooth weld that is uniform in size
and contour may be required.

The inspection of multiple-pass welds is often
based on a workmanship standard. Figure 7 indi
cates how such standards are prepared for use in
the visual inspection of groove and fillet welds.
The workmanship standard is a section of a joint
similar to the one in manufacture, except that

Concavity
gage

4

Maximum
length of leg

Convexity
gage

Dimensional accuracy of weldments
Conformity of welds to size and contour re
quirements
Acceptability ofweld appearance with regard
to surface roughness, weld spatter, and clean
ness
Presence of surface flaws such as unfilled cra
ters, pockmarks, undercuts, overlaps, and
cracks

A Minimum allowable length of leg
B Maximum allowable lenglh ofleg
C 1.414 limes maximum allowable throat size (specifies

maximum allowable convexity)
D Maximum allowable lenglh oflegwhen maximum

allowable concavity is present
E A plus B plus nominal weld size (or nominallenglh

ofleg)
F Minimum allowable throat size (specifies maximum

allowable concavity)
T Additional tolerance for clearance of gage when placed

in the fillet
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Fig. 7 ~arkmanship standard far visual camparisan during inspection of single-V-groove welds and fillet welds. Dimensions given in
Inches

portions of each weld pass are shown. Each pass
of the production weld is compared with corre
sponding passes of the workmanship standard.

Discontinuities. Before a weld is visually in
spected for discontinuities such as unfilled cra
ters/ surface holes, undercuts, overlaps, surface
cracks, and incomplete joint penetration, the sur
face of the weld should be cleaned of oxides and
slag. Cleaning must be done carefully. For exam
ple/ a chipping hammer used to remove slag
could leave hammer marks that can hide fine
cracks. Shotblasting can peen the surface of rela
tively soft metals and hide flaws. A stiff wire
brush and sandblasting have been found to be
satisfactory for cleaning surfaces of slag and ox
ides without marring.

Magnetic Particle Inspection

Magnetic particle inspection is a nondestruc
tive method of detecting surface and near-surface
flaws in ferromagnetic materials. It consists of
three basic operations:

Establishing a suitable magnetic field in the
material being inspected
Applying magnetic particles to the surface of
the material
Examining the surface of the material for ac
cumulations of the particles (indications) and
evaluating the serviceability of the material

Capabilities and Limitations. Magnetic parti
cle inspection is particularly suitable for the de
tection of surface flaws in highly ferromagnetic
metals. Under favorable conditions, those dis
continuities that lie immediately under the sur
face are also detectable. Nonferromagnetic and
weakly ferromagnetic metals, which cannot be
strongly magnetized, cannot be inspected by this
method. With suitable ferromagnetic metals,
magnetic particle inspection is highly sensitive
and produces readily discernible indications at

flaws in the surface of the material being in
spected.

The types of weld discontinuities normally de
tected by magnetic particle inspection include
cracks, lack of penetration (LOP)/ lack of fusion
(LOF), and porosity open to the surface. Linear
porosity, slag inclusions, and gas pockets can be
detected if large or extensive or if smaller and
near the surface. The recognition of patterns that
indicate deep-lying flaws requires more experi
ence than that required to detect surface flaws.

Nonrelevant indications that have no bearing
on the quality of the weldment may be produced.
These indications are magnetic particle patterns
held by conditions caused by leakage fields.
Some of these conditions are:

Particles held mechanically or by gravity in
surface irregularities
Adherent scale or slag
Indications at a sharp change in material di
rection/ such as sharp fillets and threads
Grain boundaries. Large grain size in the weld
metal or the base metal may produce indica
tions
Boundary zones in welds, such as indications
produced at the junction of the weld metal
and the base metal. This condition occurs in
fillet welds at T-joints, or in double-V-groove
joints/ where 100%penetration is not required
Flow lines in forgings and formed parts
Brazed joints. Two parts made of a ferromag
netic material joined by a nonferromagnetic
material will produce an indication
Different degrees of hardness in a material,
which will usually have different permeabili
ties that may create a leakage field, forming
indications

Operational Requirements. The magnetic par
ticle inspection of weldments requires that the
weld bead be free of scale, slag, and moisture. For
maximum sensitivity, the weld bead should be
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machined flush with the surface; however, wire
brushing, sandblasting, or gritblasting usually
produces a satisfactory bead surface. H the weld
bead is rough, grinding will remove the high
spots.

Weldments are often inspected using the dry
particle method. A powder or paste of a color that
gives the best possible contrast to the surface
being inspected should not be used. The type of
magnetizing current used depends on whether
there are surface or subsurface discontinuities.
Alternating current is satisfactory for surface
cracks, but if the deepest possible penetration is
essential, direct current, direct current with
surge, or half-wave rectified alternating current
is used.

The voltage should be as low as practical to
reduce the possibility of damage to the surface of
the part from overheating or arcing at contacts.
Another advantage of low voltage is freedom
from arc flashes if a prod slips or is withdrawn
before the current is turned off.

The field strength and flux density used must
be determined for each type of weldment. An
overly strong field will cause the magnetic parti
cles to adhere too tightly to the surface and hin
der their mobility, preventing them from moving
to the sites of the flaws. Low field strengths result
in nondiscernible patterns and failure to detect
indications.

Inspections can be made using the continuous
field and residual-field methods. In the continu
ous-field method, magnetic particles are placed
on the weldment while the current is flowing. In
the residual-field method, the particles are placed
on the weldment after the magnetizing current is
turned off. Residual magnetic fields are weaker
than continuous fields. Consequently, inspec
tions using the residual-field method are less sen
sitive.

The need for the demagnetization of weld
ments after magnetic particle inspection must be
given serious consideration. Where subsequent
welding or machining operations are required, it
is good practice to demagnetize. Residual mag
netism may also hinder cleaning operations and
interfere with the performance of instruments
used near the weldment.

Liquid Penetrant Inspection

Liquid penetrant inspection is capable of de
tecting discontinuities open to the surface in
weldments made of either ferromagnetic or non
ferromagnetic alloys, even when the flaws are
generally not visible to the unaided eye. Liquid
penetrant is applied to the surface of the part,
where it remains for a period of time and pene
trates into the flaws. For the correct usage of
liquid penetrant inspection, it is essential that the
surface of the part be thoroughly clean, leaving

the openings free to receive the penetrant. Oper
ating temperatures of 20 to 30°C (70 to 90 OF)
produce optimal results. If the part is cold, the
penetrant may become chilled and thickened so
that it cannot enter very fine openings. If the part
or the penetrant is too hot, the volatile compo
nents of the penetrant may evaporate, reducing
the sensitivity.

After the penetrating period, the excess pene
trant remaining on the surface is removed. An
absorbent, light-colored developer is then ap
plied to the surface. This developer acts as the
blotter, drawing out a portion of the penetrant
that had previously seeped into the surface open
ings. As the penetrant is drawn out, it diffuses
into the developer, forming indications that are
wider than the surface openings. The inspector
looks for these colored or fluorescent indications
against the background of the developer.

Radiographic Inspection

Penetrameters. Most U.S. codes and specifica
tions for radiographic inspection require that the
sensitivity to a specific flaw size be indicated on
each radiograph. Sensitivity is determined by
placing a penetrameter (IQI) that is made of sub
stantially the same material as the specimen di
rectly on the specimen, or on a block of identical
material of the same thickness as the specimen,
prior to each exposure.

The penetrameters are usually placed on the
side of the specimen nearest the source, parallel
and adjacent to the weld at one end of the ex
posed length, with the small holes in the penetra
meter toward the outer end. Penetrameter thick
ness is usually specified to be 2% of the specimen
thickness (through the weld zone), although 1
and 4% penetrameter thicknesses are also com
mon. ASTM and ASMEplaque-type penetrame
ters have three small drilled holes, whose diame
ters equal one, two, and four times the
penetrameter thickness. Image quality is deter
mined by the ability to distinguish both the out
line of the penetrameter and one or more of the
drilled holes on the processed radiograph; for
example, 2-2Tsensitivity is achieved when a 2%
penetrameter and the hole that has a diameter of
twice the penetrameter thickness are visible.
Also, the image of raised numbers that identify
the actual thickness (not the percentage thick
ness) of a penetrameter should appear clearly,
superimposed on the image of the penetrameter.

Surface discontinuities that are detectable by
radiography include undercuts, longitudinal
grooves, concavity at the weld root, incomplete
filling of grooves, excessive penetration, offset or
mismatch, burn-through, irregularities at elec
trode-change points, grinding marks, and elec
trode spatter. Surface irregularities may cause
density variations on a radiograph. When possi-



ble, they should be removed before a weld is
radiographed. When impossible to remove, they
must be considered during interpretation.

Undercuts result in a radiographic image of a
dark line of varying width and density. The dark
ness or density of the line indicates the depth of
the undercut.

Longitudinal grooves in the surface of weld
metal produce dark lines on a radiograph that are
roughly parallel to the weld seambut are seldom
straight. These dark lines have diffused edges
and should not be mistaken for slag lines, which
are narrow and more sharply defined.

Concavity at the weld root occurs only in joints
that are welded from one side, such as pipe joints.
It appears on the radiograph as a darker region
than the base metal.

If weld reinforcement is too high, the radio
graph shows a lighter line down the weld seam.
There is a sharp change in image density where
the reinforcement meets the base metal. Weld
reinforcements not ground completely smooth
show irregular densities, often with sharp bor
ders. When excess metal is deposited on a final
pass, it may overlap the base metal, causing LOP
at the edge of the reinforcement. Although there
is a sharp change in image density between rein
forcement and base metal, the edge of the rein
forcement image is usually irregular.

Irregularities at electrode-change points may
be either darker or lighter than the adjacent areas.

Grinding marks appear as darker areas or lines
in relation to the adjacent areas in the radiograph.
Electrode spatter will appear as globular and
lighter on the radiograph and should be removed
before radiographic inspection.

As material thickness increases, radiography
becomes less sensitive as an inspection method.
Thus, for thick material, other NDI methods are
used before, during, and after welding on both
the base metal and weld metal.

Subsurface discontinuities detectable by radi
ography include gas porosity, slag inclusions,
LOP, and tungsten inclusions. On a radiograph,
a pore appears as a round or oval dark spot with
or without a rather sharp tail. The spots caused
by porosity are often of varying size and distribu
tion. A wormhole appears as a dark rectangle if
its long axis is perpendicular to the radiation
beam, and it appears as two concentric circles,
one darker than the other, if the long axis is par
allel to the beam. Linear porosity is recorded on
radiographs as a series of round dark spots along
a line parallel to the direction of welding.

Slag inclusions appear along the edge of a weld
as irregular or continuous dark lines on the radio
graph. Voids are sometimes present between
weld beads because of irregular deposition of
metal during multiple-pass welding. These voids
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have a radiographic appearance that resembles
slag lines.

The radiographic image of a crack is a dark
narrow line that is generally irregular. If the
plane of the crack is in line with the radiation
beam, its image is a fairly distinct line. If the plane
is not exactly in line with the radiation beam, a
faint dark linear shadow results. In this case, ad
ditional radiographs should be taken at other
angles.

Lack of penetration shows on a radiograph as a
very narrow dark line near the center of the weld.
The narrowness can be caused by drawing to
gether of the plates being welded, and the LOP
may be very severe. Slag inclusions and gas holes
are sometimes found in connectionwith LOP and
cause the line to appear broad and irregular.

The radiographic image of incomplete fusion
shows a very thin, straight dark line parallel to
and on one side of the weld image. Where there
is doubt, additional radiographs should be made
with the radiation beam parallel to the bevel face.
This will increase the possibility of the LOP ap
pearing on the radiograph.

Tungsten inclusions appear either as single
light spots or as clusters of small light spots. The
spots are usually irregular in shape, but some
times a rectangular light spot will appear.

Real-time radiography, which involves the
display of radiographic images on television
monitors through the use of an image converter
and a television camera, is a rapidly developing
method for weld inspection. One of the main
advantages of real-time radiography for weld in
spection is the cost savings that results from re
ducing the use of x-ray films. However, the pos
sibility of expanding such an inspection system
to include automatic defect evaluation by the im
age-processing system can yield significantly
greater advantages. Automatic defect evaluation
systems will result in objective and reproducible
x-ray inspection, independent of human factors.
Until now, the human brain has been much faster
in analyzing and classifying the large range of
flaw types found in welded joints. Computer
programs for the efficient automated evaluation
of weld radiographs are currently being devel
oped and refined.

Ultrasonic Inspection

In ultrasonic inspection, a beam of ultrasonic
energy is directed into a specimen, and either the
energy transmitted through the specimen is
measured or the energy reflected from interfaces
is indicated. Normally, only the front (entry) and
back surfaces plus discontinuities within the met
al produce detectable reflections, but in rare
cases, the HAZs or the weld itself may act as
reflecting interfaces.
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Weld

Path of
tronsducer

Fig. 9 Three positions of the contact type of transducer along
the zigzag scanning path used during ultrasonic inspec

tion of welded joints. The movement of the sound beam path
across the weld isshown on a section taken along the centerline of
the transducer as it is moved from the far left position in the scan
ning path (a), through an intermediate position (b), to the far right
position (c).

one direction along both sides of the weld or in
opposite directions along one side of the weld.

To detect longitudinal discontinuities in welds
that are ground flush, the transducer is oscillated
to the left and right in a radial motion, with an
included angle of approximately 30°,while scan
ning across the weld as shown in Fig. 10(b). The
longitudinal movement necessary to advance the
transducer parallel to the weld must not exceed
75% of the active width of the transducer per
transverse scan. When possible, the weld is
scanned from one surface on two sides of the
weld. When this is not possible, the weld can be
scanned from one side on two surfaces or from
one side on one surface using at least one full skip
distance.

To detect transverse discontinuities in welds
that are ground flush, the transducer is oscillated
to the left and right in a radial motion, with an
included angle of approximately 30°,as shown in
Fig. 10(b), while scanning along the top of the
weld from two opposing directions. If the width
of the weld exceeds the width of the transducer,
parallel scans should be performed, with each

Fig 8 Sound beam path in a flat testpiece being ultrasonically
• inspected with a shear wave from an angle-beam

transducer, showing the skip distance between the nodes where
the beam reflects from the surfaces

Scanning Techniques. Figure 8 shows how a
shear wave from an angle-beam transducer pro
gresses through a flat testpiece---by reflecting
from the surfaces at points called nodes. The lin
ear distance between two successive nodes on the
same surface is called the skip distance and is
important in defining the path over which the
transducer should be moved for reliable and effi
cient scanning of a weld. The skip distance can be
easily measured by using a separate receiving
transducer to detect the nodes or by using an
angle-beam test block, or it can be calculated.
Once the skip distance is known, the region over
which the transducer should be moved to scan
the weld can be determined. This region should
extend the entire length of the weld at a distance
from the weld line of approximately 112 to 1 skip
distance, as shown in Fig. 9. A zigzag scanning
path is used, either with sharp changes in direc
tion (Fig. 9) or with squared changes (Fig. 10).

To detect longitudinal discontinuities in full
penetration butt and corner welds that are not
ground flush, the transducer is oscillated to the
left and right in a radial motion, with an included
angle of approximately 30°, while scanning per
pendicularly toward the weld, as shown in Fig.
lO(a). The longitudinal movement necessary to
advance the transducer parallel to the weld
should not exceed 75% of the active width of the
transducer per transverse scan. The weld should
be scanned from both sides on one surface or
from one side on both surfaces to ensure that
nonvertically oriented flat discontinuities are de
tected. This type of discontinuity can be distin
guished from vertically oriented flat discontinui
ties because the signal amplitudes from the two
sides are different.

To detect transverse discontinuities in welds
that are not ground flush, the transducer is
placed on the base metal surface at the edge of the
weld. The sound beam is directed by angling the
transducer approximately 15% toward the weld
from the longitudinal-weld axis, as shown in Fig.
10(a). Scanning is performed by moving the
transducer along the edge of the weld either in



'------(a) Procedure for welds not ground flush~
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Fig. 10 Ultrasonic scanning procedures to detect longitudinal
and transverse discontinuities in welds that (a) are not

ground flush and (b) are ground flush

succeeding scan overlapping the previous one by
a minimum of 25% of the active width of the
transducer.

The entire volume of full-penetration welds in
corner joints should be scanned with shear waves
by directing the sound beam toward, or across
and along, the axis of the weld, as shown in Fig.
11. If longitudinal wave testing is utilized, the
weld is scanned by moving the transducer over
the weld with overlapping paths. Each succeed
ing scan should overlap the previous scan by at
least 25% of the active width of the transducer.

For the direction of discontinuities in the root
area in T-joints (such as lack of root fusion), the
width of the inspection zone should be limited to
the thickness of the attachment member. The
width of the inspection zone is located using ul
trasonics or mechanical means and marked on
the test surface. Shear-wave scanning for discon
tinuities in the base metal of any T-joint configu
ration should be performed whenever the surface
opposite the attachment member is accessible.
This scanning procedure can also be applied to
partial-penetration welds in T-joints.

Coverage in each direction begins from the
nearest section of the joint to beyond the center
line of the weld. The angle-beam transducer is
directed at the particular area of interest and os
cillated to the left and right in a radial motion,
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with an included angle of approximately 30°,
while scanning perpendicularly toward the in
spection zone. The inspection zone depth should
be limited to the through-member-plate thick
ness minus 6 mm (% in.). The movement neces
sary to advance the transducer parallel to the
inspection zone should not exceed 75% of the
active width of the transducer per perpendicular
scan.

Discontinuity Signals. Cracks and LOF dis
continuities present essentially flat reflectors to
the ultrasonic beam. If the beam is perpendicular
to the place of the discontinuity, the amplitude of
the signal is high; but if the beam strikes the
discontinuity at an angle, most of the ultrasonic
energy is reflected away from the transducer, and
the reflected signal has a small amplitude that
will vary with the angle. Because both cracks and
sidewall LOF discontinuities produce similar re
flected .signals, they cannot be distinguished
from one another by the signal amplitude or sig
nal shape on the viewing screen when scanning
is done from only one side. Therefore, the weld
should be inspected from two sides, as shown in
Fig. 12. If the discontinuity is vertically oriented,
such as a centerline crack would be, the reflected
signals received during a scan of each side should
have approximately the same amplitude. If the
discontinuity is in an inclined position, such as a
sidewall LOF discontinuity would be in many
joint designs, there will be an appreciable differ
ence between the signal amplitudes.

A slag inclusion in a butt weld may produce a
reflected signal with the same amplitude as that
received from a crack or LOF discontinuity.
However, scattered ultrasonic energy produces a
relatively wide and high signal; as the transducer
is manipulated around the slag inclusion, the
signal height does not decrease significantly, but
the edges of the signal vary. The same shape of
reflected signal should be displayed when the
weld is scanned from the opposite side of the
weldment.

The signals that are reflected from porosity (gas
pockets) are usually small and narrow. The signal
amplitude will vary if the transducer is manipu
lated around the gas pocket or if the gas pocket is
scanned from the opposite side of the weld. Clus
ter porosity usually produces displays with a
number of small signals. Depending on the num
ber of gas pockets and their orientation to the
ultrasonic beam, the displayed signals will be
stationary or will be connected with one another.

Lack of fusion, weld root cracks, and LOP give
essentially the same type of signal on an oscillo
scope screen; the reflected signals are narrow and
appear at the same location. The best way to
differentiate among these flaws is to determine
the extent of the flaw in the transverse direction.
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(a)

joints

Fig. 11 Ultrasonic scanning procedure for full-penetration
groove weld (a) and double-fillet welds (b) in corner

the size of the nugget. The size is in three dimen
sions, including thickness as well as length and
breadth (or diameter for a circular spot). The
successful measurement of nugget size places
several requirements on the ultrasonic wave
path, wave velocity, and wave attenuation.

Wave Path. The first requirement is that the
ultrasonic wave be in the form of a beam directed
perpendicular to the faces of the metal sheets and
through the center of the nugget (Fig. 13). Two
diameters of nuggets are shown: larger than the
beam and smaller than the beam.

In general, an ultrasonic wave will be reflected
when it impinges on an interface where the den
sity and/or the ultrasonic velocity change. Exam
ples are water-to-metal and metal-to-air. In Fig.
13, reflections will occur at the outer surfaces of
the two sheets and at the interface (air) between
the two sheets if the nugget is small, as in Fig.
13(c).The nugget-to-parent-metal boundary will
not produce perceptible reflections, refraction, or
scattering, because the changes in density and
velocity are a tenth of a percent or less, while the
air-to-steel difference is more than 99.9%.

Typical oscilloscope displays showing the
pulse-echo patterns for these two nugget-to
beam-diameter ratios are shown in Fig. 13(b)and
(d). The difference in the echo patterns permits
the distinction to be made between adequate and
undersize welds.

Velocity/Thickness Gaging. The beam path
shown in Fig. 13(a) illustrates the situation in
which the ultrasonic beam should indicate an
acceptable nugget. The beam will be reflected
only at the outer surfaces (1 and 3) of the pair of
sheets as joined. To make this reflection sequence
visible, the ultrasonic beam must consist of a
short pulse that can reverberate back and forth
between the outer faces and produce separate
echoes when viewed on an oscilloscope. The pic
ture observed is shown in Fig. 13(b). The pulse
mustbe short enough to resolve the double thick
ness of the two joined sheets.

Similarly, the beam path shown in Fig. 13(c)
illustrates the situation in which the ultrasonic
beam should indicate an undersize nugget. The
beam will be reflected in the single thickness of
the upper sheet around the perimeter of the nug
get. Therefore, on the oscilloscope, echoes will
appear between the principal echoes arising from
the portion of the beam traversing the nugget
(Fig.13d). In terms of thickness gaging, the ultra
sonic pulse in the beam must be short enough to
resolve the thickness of one layer of sheet metal.

Attenuation. The thickness of the nugget can be
measured only indirectly because the thickness
gaging function (described above) can measure
only the thickness between outer faces in the
nugget area. The nugget itself is measured by the
effect of its grain structure on the attenuation of

Angle-beam
transducer (in

1 012 positions)

Sound
beam

Inspection zone

(b)

Weld undercutting is distinguishable from
sidewall LOF. The signals reflected from under
cutting are approximately equal in amplitude
when scanned from both sides. The signals pro
duced by a sidewall LOF discontinuity vary con
siderably in amplitude when scanned from both
sides.

In many cases, a weld is made when two mis
aligned parts must be joined; this condition is
termed weld mismatch. The inspector must not
confuse a signal reflected from a root crack with
one reflected from the misaligned edge. A nar
row signal is usually produced when the ultra
sonic beam strikes the misaligned edge. In most
cases, no reflected signal will be received if the
misaligned edge is scanned from the opposite
side.

Ultrasonic Inspection of Spot Welds in Thin
Gage Steel. With the development of high-fre
quency transducers (12 to 20 MHz), pulse-echo
ultrasonic inspection of spot welds in very thin
gage sheet metal (0.58 mm, or 0.023 in.) is now
possible. The ultrasonic test for spot weld nugget
integrity relies on an ultrasonic wave to measure

Angle-beam transducer
(in 1 014 positions)

75%01
active width

01transducer
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Fig.12 Transducer scanning positions for distinguishing be
tween weld metal flaws that are (a) vertically oriented

and (b) in an inclined position
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the ultrasonic wave in the beam. As the wave
reflects back and forth between the outer faces of
the welded sheets, its amplitude is attenuated
(dies out). The attenuation (rate of decay) of the
ultrasonic wave depends on the microstructure
of the metal in the beam. In the spot welds under
consideration, the attenuation is caused princi
pally by grain scattering. The grains scatter the
ultrasonic energy out of the coherent beam, caus
ing the echoes to die away. In most metals, coarse
grains scatter more strongly than fine grains.

Because a nugget is a melted and subsequently
refrozen cast microstructure with coarser grains
than the adjacent cold-rolled parent metal, the
nugget will scatter more strongly than the re
maining parent metal. It follows that a nugget
will produce higher attenuation than the parent
metal and that a thick nuggetwill result in higher
attenuation than will a thin nugget. Therefore, a
thin nugget can be distinguished from a thick
nugget by the rate of decay of the echoes in the
case in which the diameters of both nuggets are
equal. Typical echoes from a thick nugget area
and from a thin nugget are shown in Fig. 14.It is
clear that a trained observer could differentiate
between the two welds on the basis of the decay
patterns. Given this observation, it is obvious that
the pulse-echo ultrasonic method at normal inci
dence could perform the required measurements
on spot welds in metals with coarse-grain nug
gets and fine-grain parent sheet metal.

Acoustic Emission Monitoring

Acoustic emissions (AEs) are impulsively gen
erated small-amplitude elastic stress waves cre
ated by deformation in a material. The rapid re
lease of kinetic energy from the deformation
mechanism propagates elastic waves from the
source, and these are detected as small displace
ments on the surface of the specimen. The emis
sions indicate the onset and continuation of de-

Fig.13 Schematic illustrating setup for the pulse-echo ultra
sonic inspection of resistance-welded spot welds. (a)

Wave paths in satisfactory weld. (b) Resulting echoes. (c) Wave
paths in an unsatisfactory weld. (d) Resulting echoes

formation and can be used to locate the source of
deformation through triangulation techniques.

Acoustic emissions can be used to assess weld
quality by monitoring during or after welding. In
weldments, regions having LOP, cracking, po
rosity, inclusions, or other discontinuities can be
identified by detecting the AEs originating at
these regions. During welding processes, AEs are
caused by many factors, including plastic defor
mation, melting, friction, solidification, solid
solid phase transformations, and cracking. In
some cases, the monitoring of AEs during weld
ing can include automatic feedback control of the
welding process. In large-scale automatic weld
ing, the readout equipment can be conveniently
located near the welder controls or in a quality
monitoring area.

The locations of acoustic sources on a weld
line can be presented in a variety of ways. One
technique displays the number of events versus
distance along the weld on an oscilloscope screen
or an x-y plotter. Another technique uses a digi
tal-line printer that gives the time of the event, its
location, and its intensity. This informationfacili
tates appraisal of the severity of each source.
Once the acoustic emission sources are graded,
other NDE methods can be used to study the
discontinuity in detail.

It is sometimes difficult to achieve a good
acoustic coupling between the sensor (or sensors)
and the part. This is especially true for welding
processes that have a fixed arc and a moving part.
For postweld AE monitoring, a stimulus must be
applied after complete cooling of the weld. This
involves the application of a mechanical load or
sometimes a thermal stress to the part or struc-
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Fig. 14 Ultrasonic thickness measurements of resistance spot
weld nuggets. (a) Satisfactory weld. (b) Resulting at

tenuation of the ultrasonic wave. (c) Unsatisfactory weld. (d) Re
sulting wave attenuation

ture. For the field inspection of in-service welds
for cracks or other flaws, welds are commonly
subjected to stresses that just exceed the maxi
mum stress previously experienced by the weld.
The excess stress is necessary to produce AEs due
to plastic deformation at the crack tip. The appli
cation of this stress, however, is often difficult to
do and in some cases is undesirable. An alterna
tive method that can often clearly detect existing
cracks in a weld is to cyclically load the weld at
low-stress levels. The relative motions of the
crack surfaces produce frictional excitation of
stress waves.

Acoustic emission monitoring for evaluation of
quality and control of welding processes requires
preliminary studies for each application to estab
lish such operating conditions as the number,
location, and mounting of sensors; gain settings;
ffitering; data presentation; and data interpreta
tion. These studies normally include correlation
with other nondestructive and destructive meth
ods of inspection. For example, the detection of
tungsten inclusions from gas-tungsten-arc
welded (GTAW) joints by AE can also involve
inclusion classification by radiography.

The postweld monitoring of weldments in
cludes both quality control inspection during the
period between the completion of the weld and
additional fabrication of the part and nondestruc
tive inspection of in-service weldments. An ex
ample of the former is the inspection of butt
welded plates, such as those fabricated in the
building of a ship. The following example dem
onstrates the feasibility of immediate postweld
AE monitoring of butt-welded plates.

(a)

(e)

"'~"0

.E 3
c. 3'
E "
<{ 3 3'"

(b)

r I' ,3 rr?"JWJJl
Time

(d)

Example 1: AE Monitoring of Butt Welds in
Low-Carbon Steel Plates. Using a de arc welder,
two low-carbon steel plates 460 rum (18 in.) wide
by 610 mm (24 in.) long and 3.2 mm (0.125 in.)
thick were butt welded to form a test plate ap
proximately 1.2 m (48 in.) long, as shown in Fig.
15. Extra precautions were taken to produce a
sound weld. After the weld metal was cool, the
plate was placed in a fixture so that acoustic
emission from the weld metal could be moni
tored.

The plate was supported horizontally by a sys
tem of rubber rollers. Weights were placed on
each end of the plate to hold it firmly on the
rollers. Mild bending was induced in the butt
joint by raising and lowering the middle of the
plate with a hydraulic jack. Acoustic emissions
were monitored during loading and unloading
oscillation and while the plate was held in a stress
state, using sensors attached to the top side of the
plate at each end of the weld. These emissions
were used to calibrate the oscilloscope screen and
were the basis for subsequent inspections of
plates having known or suspected discontinui
ties in the weld metal.

The output signal of each sensor was amplified
(75 dB gain), filtered (50 kHz to 1 MHz), and
displayed on a dual-beam oscilloscope. Single
sweep traces of both signals were triggered at the
arrival of the first signal. These were photo
graphed from the dual-beam display, and succes
sive photographs permitted documentation of
the difference between the arrival times at the
two sensors for several sources. The locations of
the predominant sources were then inferred.

After the preliminary experiments, a second
test plate was prepared and butt welded across
its entire width. The weld was made with inten
tional poor penetration and slag inclusions in a
region centered about 100 mm (4 in.) on one side
of the centerline of the plate, as indicated by the
shaded area in Fig. 15(b). AEs were recorded
during bending and oscillation. The location and
number of AEs are given graphically in Fig. 15(b).
A good correlation existed between the tabulated
source locations and the locations of known
flaws.

A third test plate was prepared by making a
saw cut 180 mm (7 in.) long, from one edge to
ward the center, along the transverse centerline.
This saw cut was repaired by welding, then
monitored for AEs in the same manner as the
second test plate. Radiographic inspection of the
plate revealed two regions of discontinuities in
the weld, as indicated by the shaded areas in Fig.
15(c). A region of very poor penetration between
130 and 150 mm (5 and 6 in.) from the longitudi
nal centerline of the plate is shown by the darker
shaded area in Fig. 15(c). This corresponds to the
large number of AEs occurring in the region. Also
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Fig. 15 Acoustic emission monitoring of butt welds in low-
carbon steel test plates. (a) Test plate. Three were pre

pared; the first, with a sound weld, was used to establish condi
tions for AEmonitoring of the others. (b) Location and number of
AEsin the second test plate, which had a region of intentional poor
penetration and slag inclusions (shaded area). (c) Location and
number of AEs in the third test plate, in which flaw indications
were revealed by radiographic inspection (shaded areas)

flashing) are generally large in amplitude and
can be easily distinguished from the rest of the
emissions associated with nugget formation.
When current flow ceases, some materials exhibit
appreciable solidification noise that can be re
lated to nugget size and inclusions. As the nugget
cools in the hold period, AEs can result from
solid-solid phase transformations and cracking.
Finally, as the electrode is lifted, noise is pro
duced by the separation of the electrode from the
part. This noise, or signal, can be related to the
size of the nugget as well as to the visual appear
ance of the weld.

shown in Fig. 15(c) are other regions from which
AEs originated, indicating discontinuities in the
weld metal. From the results obtained on these
test plates, it was concluded that it is feasible to
use AE monitoring as a method of assessing the
structural integrity of butt-welded joints.

In-Service Monitoring. One application of in
service AE monitoring of welds involved the lo
cating of defective or deteriorated welds in bur
ied pipelines. Gas distribution pipelines that had
been in service for many years needed inspec
tions for structural integrity, especially on oxya
cetylene welds. Although the location of the bur
ied pipe was known, the locations of the welds
were not. In preliminary studies, it was found
that AE signals from weld discontinuities would
propagate several hundred feet down the pipe.
Therefore, a very efficient method of locating the
defective welds was devised. The loading stimu
lus, an extra heavy vehicle moving slowly along
the surface above the pipe, induced bending
stresses that were sufficient to cause weld discon
tinuities to emit. Sensors were placed on either
side of the suspect weld, and the signals reaching
the sensors were monitored with portable equip
ment. By comparing the time required for the
emissions to reach each pair of sensors and by
comparing the intensities of the signals, the loca
tions of the defective weld were determined. The
welded joints were then excavated, and the welds
were further inspected or repaired.

Monitoring During Welding. Arc-welding
processes are inherently ultrasonically noisy
particularly so in continuous high-frequency
welding. However, the AEs detected during
proper welding without discontinuity creation
have steady characteristics. When cracking, ex
cessive slag inclusion, or a significant change in
the weld conditions occurs, the AE levels change
correspondingly. Therefore, online monitoring
during welding gives immediate indication of
variations in the quality of the weld. Cold crack
ing can be detected by monitoring the welded
structure for minutes, or even hours, after weld
ing.

Acoustic emissions result from multiple causes
during resistance spot welding. The making of a
resistance spot weld consists of setdown of the
electrodes, squeeze, current flow, hold time, and
lift off. Many AEs are produced during these
various steps. The most commonly observed sig
nals are shown schematically in Fig. 16.The ultra
sonic noise during setdown and squeeze can be
related to the conditions of the electrodes and the
surface of the parts. The large, but brief, signal at
current initiation canbe related to the initial resis
tance and the cleanliness of the parts. During
current flow, AE results from plastic deforma
tion, friction, melting, and expulsions. The sig
nals associated with expulsion (spitting and



108 / Weld Imperfections and Cracking

Current
lniliOliOn\

I---------Hotd---------I

Fig. 16 Schematic showing typical AEsignals obtained during various stages of resistance spot welding

Any measure of the cumulative AEs during
resistance spot welding cannot be expected to
relate dearly to weld quality. On the other hand,
by using both time discrimination and multiple
detection levels, the various segments of AEs can
be separately measured and related to various
indicators of quality. Commercial instrumenta
tion is available that is capable of separately
monitoring several of the AE segments. For ex
ample, the expulsion count, phase-transforma
tion count, and cracking count can be monitored
and recorded for each resistance spot weld, giv
ing a permanent record of quality. In the follow
ing example, a number of AEs during martensitic
phase transformation were found to relate to the
strength of the resistance spot weld.

Example 2: Determination of Strength of Re
sistance Spot Welds by AE Monitoring. Twenty
carbon steel coupons were spot welded at identi
cal settings of heat and weld cycles in a 75kVA ac
spot welder. An AE sensor was attached to the
lower electrode. The AE monitor was gated to
begin 120 ms after the current ceased and to stop
240 ms later. Within that time interval, martensi
tic phase transformation occurred as the nugget
cooled. Because the total volume of material ex
periencing the transformation is related to both
the nugget size and the area of diffusion bonding,
the AEs during the phase transformation are re
lated to the strength of the weld. The specimens
were pulled to failure in tension shear, and the
ultimate strength was recorded. The results are
shown in Fig. 17. The tests indicated that a 10%
variation in weld strength corresponded to about
a 30% change in AEs.
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Chapter 7

fatigue and fracture
Control of Welds*

Tarsem lutla, Caterpillar Inc.

FAILURES in engineering structures are still
common today, despite the fact that modern
tools for designing structures are very sophisti
cated and readily available. Computer-aided de
sign, finite-element stress analysis, computerized
material property databases, and an array of
process simulation tools are among the many
design aids accessible to the engineer. In addi
tion, over the past 20 to 30 years national and
international codes and standards have been de
veloped for many industries, and these provide
explicit guidelines on such issues as material se
lection, designmethods, standardized load histo
ries, and safety factors (Ref 1-16).

Many fabricated components and structures
are welded, and invariably the weld joint is the
most critical area from the performance perspec
tive. An examination of structural and compo
nent failures documented in open literature over
the past 50 years or so clearly indicates that fail
ures predominantly start at connections, and in
particular at weld joints. Placement of a weld
onto a metallic material imparts many detrimen
tal features, which include changes in micro
structure and mechanical properties, introduc
tion of welding residual stresses, local elevation
of the applied stress, and introduction of weld
imperfections. Depending on the operating envi
ronment and loading conditions, one or more of
these features could lead to failure by a number

of different mechanisms. Even though engineers
are currently armed with good tools, and they
comply with specific industry/regulatory codes
or standards for design and manufacturing, fail
ures are still inevitable. There are many reasons
why in-service failures can occur, including:

Lackof knowledge of service loads and cycles
Lack of knowledge of the operating environ
ment
Improper specification of the design life
Improper use of the design method and lack
of consideration of key failure modes
Use of incorrect materialproperties for design
Improper selection of materials and welding
procedures
Lack of inspection during fabrication and
variability in fabrication practice
Operation of equipment/component beyond
design specification

In welded structures, fatigue cracking is by far
the most common failure mechanism, and unsta
ble fracture (although rare) is perhaps the most
dramatic, occurring without warning and often
leading to serious consequences. This article dis
cusses the various options for controlling fatigue
and fracture in welded steel structures, the fac
tors that influence them the most, and some of
the leading codes and standards for designing

"Adapted fromASM Handbook, Volume 19, Fatigue andFracture, 1996,p 434-449
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Lack of penetration

Hydrogen crack

Fig. 1 Defects and discontinuities in welded joints

Concavity

Underfill ~

Lack of side wall fusion

Cold lap

Lamellar tearing

against these failure mechanisms. It excludes
high-temperature fracture, environmental crack
ing, and nonferrous materials.

Fracture Control Plans for
Welded Steel Structures

Weld Imperfections. All welded structures
contain imperfections to some level of examina
tion, and the joint itself is a discontinuity in the
structure. Welding imperfections (Fig. 1) fall in
three broad categories: planar imperfections,
volumetric imperfections, and geometrical im
perfections.

Planar imperfections are sharp cracklike features
that can substantially reduce the fatigue strength
of a welded joint or cause initiation of brittle
fractures. Examples include hydrogen cracks, la
mellar tears, lack of fusion, reheat cracks, solidi
fication cracks, and weld toe intrusions. The last
group are nonmetallic intrusions at the weld toe
region that act as crack starters for fatigue. They
are present on a microscopic level, and on aver
age they are typically 0.1 mm (0.004 in.) in depth
and can be as much as 0.4 mm (0.016 in.) deep
(Ref 17). These features are the primary reason
why fatigue in welds is dominated by crack
propagation.

Volumetric imperfections include porosity and
slag inclusions. Because these types of imperfec
tions tend to be nearly spherical in form, their
notch effect is minor and they usually have little
or no influence on the fatigue behavior. How
ever, they do reduce the load-bearing area of the
weld and hence reduce the static strength of the
joint.

Geometrical imperfections include misalignment,
overfill, stop/starts, undercut, and weld ripples.
Geometric imperfections have the effect of locally
elevating the stress over and above the general
stress concentration due to the joint geometry.
Methods for calculating the stress concentration

factor due to misalignment are readily available
(Ref 18). However, unintentional misalignment
that occurs during fabrication cannot be allowed
for during design, and this can only lead to early
failures. Guidance is also available on acceptable
levels for undercut, overfill, and location of
stop/starts (Ref 19). Weld ripples become stress
concentrators for fatigue only when the weld is
loaded axially.

Failure Modes. Depending on the operating
environment and the nature of the applied load,
a steel structure or component operating under
ambient conditions can fail in many different
modes. The potential failure modes for welded
fabrications are:

Unstable fracture (brittle or ductile)
Ductile fracture
Plastic collapse
Buckling
Fatigue
Corrosion fatigue
Corrosion
Stress-corrosion cracking
Hydrogen-induced cracking

The first four modes of failure occur under
static load. While brittle fracture can occur at
nominal stresses substantially below the yield
point and with negligible overall deformation,
ductile fracture, plastic collapse, andbuckling are
often preceded by significant plasticity. The re
maining five failure modes can be broken down
into fatigue and environmental cracking.

Figure 2 summarizes the different loading
paths that can result in failure of a statically or
cyclically loaded structure (assuming environ
mental effects are not significant). The loading
paths range from initiation of fatigue cracks to
crack propagation under cyclic loading, which
could then potentially lead to brittle fracture un
der nominally elastic conditions (applied stresses
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Fig. 2 Fracture paths for welded steel structures

well below yield) or to plastic collapse (overload
of the remaining structure).

Fracture Control Methods. Figure 3 shows a
schematic of a weld joint in a structure subjected
to cyclic loading. As stated earlier, there are
preexisting metallurgical discontinuities in
welded joints to some degree. In Fig. 3 these are
referred to as start-of-life defect size, ao. If the
applied loading conditions are favorable, fatigue
cracks start from the initial starter cracks repre
sented by ao and propagate into the material. The
instantaneous fatigue crack size at any stage dur
ing its life is referred to as af, and the rate of crack
growth is controlled by the material properties
and by the applied loading conditions. During
this stage the crack will continue to grow in a
stable manner until critical conditions are
reached for failure. These critical conditions
could be loss in the functionality of the struc
ture/component due to increase in compliance of
the load-bearing member, or failure of the re
maining ligament material ahead of the growing
fatigue crack by unstable fracture or plastic col
lapse. The critical flaw dimension, ac, at the onset
of this condition is controlled by the applied
loading conditions and by material properties
such as fracture toughness and flow strength.

Fig. 3 Schematic representation of a crack growing in service
under fatigue loading. Failure occurs if af?' ac ao' start-of

life defect size; ar. defect size due to fatigue crack growth; aco criti
cal defect size due to unstable fracture or plastic collapse

Extension of preexisting cracks or cracklike fea
tures in a stable manner (through fatigue crack
ing or ductile tearing) or in an unstable manner
(through brittle fracture) depends on three criti
cal parameters: the applied loading conditions,
the resistance of the material to crack extension,
and the size of the crack. This combination repre
sents the classical basis for fracture mechanics.
For a given crack, the applied loading conditions
(primary stresses from application loads) and
secondary stresses (e.g., welding residual
stresses and stress concentration effects) provide
the crack driving force, which is resisted by the
material ahead of the crack to extension, whether
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Initiation Arrest

Stable, d (App.) = d (Resist)
da da

U I bl d (App.) d (Resisl)
nsa e,~> da

Arrest, or non-initiation, d (App.) < d (Resist)
da da

Fig. 4 Schematic representation of the conditions for stable and unstable fracture and crack arrest

10 ..... ....... --' ...L.. ---L ....J

105

Cycles

Fig. 5 Comparison of fatigue behavior of a welded joint and parent metal

this is under stable or unstable conditions. In
fracture mechanics terms, M<th is frequently used
as the resistance of the material to crack extension
for fatigue. For unstable fracture, toughness pa
rameters such as K, J, and crack tip opening dis-

placement (CTOD) are used. The general princi
ples described here are schematically shown in
Fig. 4. The concept of arresting a propagating
crack is also introduced. In certain industries,
designing-in the ability to arrest a running crack
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Loading-Fig.6 Examples of stressconcentrations in welded joints

can prevent serious consequences or reduce the
amount of damage.

The above discussion provides a basis for de
fining the various fatigue and fracture control
plans that are used in industry. These are sche
matically shown in Fig. 2, and they can be broken
down as: approaches to fatigue control, ap
proaches to fracture control, or approaches to
crack arrest.

Approaches to fatigue control include: (1) avoid
fatigue crack initiation, (2) avoid fatigue crack
growth, and (3)assume that fatigue crack growth
will occur and design to prevent unstable frac
ture. In welded joints, initiating a fatigue crack is
rare. Most of the time is spent in propagating
preexisting features in the weld area. Only in
certain circumstances, such as machined joints or

Fig. 7 Fatigue cracking from the weld root

specially treated welds, can designing for crack
initiation become an option.

Approaches tofracture control include: (1) avoid
unstable fracture initiation and (2) assume that
unstable fracture may occur and design for crack
arrest. For most welded fabrications, the second
option is not acceptable. Catastrophic failures are
avoided by specifying adequate "initiation"
toughness for both the weld area and the base
material at the minimum design temperature.
However, for applications such as storage vessels
and ship structures (particularly oil tankers), it
should be comforting to know that when a brittle
fracture is initiated, the crack will not extend far
before coming to rest. In this case, the second
option is a secondary means to minimize the
damage by arresting the brittle fracture close to
the initiation site.

Approaches to crack arrest include: (1) crack ar
restors built into the structures (e.g., "rat holes"),
(2) change in section, or addition of stiffeners,
and (3) materials selection (use of materials with
high crack arrest toughness).

Weld toe parameters
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Fig. 8 Geometry parameters that affect weld toe stressconcentration. r,weld toe root radius; e, weld angle; L, toe-to-toe weld length
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In the next two sections, the above approaches
are discussed in the context of fatigue and frac
ture separately. The important factors associated
with each of these failure modes are identified.

Fatigue in Welded Joints

It is now commonly accepted that attaching a
weld to a cyclically loaded structural member can
change the service performance of that member
significantly. This is often illustrated by compar
ing the fatigue lives of welded and plain compo
nents. As shown in Fig. 5, with all things being
equal, attaching a weld to a load-carrying mem
ber can not only reduce the fatigue strength sub
stantially, but also lower the fatigue limit. In this
example, the fatigue limit of the welded compo
nent is one-tenth of that of the plain component.
As a consequence of this phenomenon, it is fre
quently found that in cyclically loaded welded
components the design stresses are limited by the
fatigue strength of the welded joints.

There are several reasons why a weld reduces
the fatigue strength of a component. These rea
sons fall into the following categories:

Stress concentration due to weld shape and
joint geometry
Stress concentration due to weld imperfec
tions
Welding residual stresses

In order to be able to design against fatigue in
welded structures, it is important to understand
the influence of these factors on the performance
of welded joints.

Stress Concentration due to Weld Shape and
Joint Geometry. Making a welded joint either
increases or decreases the local cross-sectional
dimensions where the parent metal meets the

weld. Generally, any change in cross-sectional
dimensions in a loaded member will lead to con
centration of stress. Thus, it is inevitable that the
introduction of a weld will produce increase in
the local stress. The precise location and the mag
nitude of stress concentration in welded joints
depends on the design of the joint and on the
direction of the load. Some examples of stress
concentrations in butt welds and fillet welds are
given in Fig. 6. InFig. 6(b) the weld does not carry
any load, but it nevertheless causes concentration
of stress at the toes of the welds. Indeed, the weld
toe is often the primary location for fatigue crack
ing in joints that have good root penetration. In
situations where the root penetration is poor or
the root gap is excessive, or in load-carrying fillet
welds where the weld throat is insufficient, the
root area can become the region of highest stress
concentration. Fatigue cracks in these situations
start from the root of the weld and generally
propagate through the weld (Fig. 7).

The geometry/shape parameters that influ
ence fatigue of weldedjoints by affecting the local
stress concentration include plate thickness (T),
attachment toe-to-toe length (L), attachment
thickness (t), weld toe radius (r), weld angle (8),
and the profile of the weld surface (convex versus
concave). See Fig. 8. It is generally found that the
fatigue strength of a welded joint decreases with
increasing attachment length (Fig.9a), increasing
plate thickness (Fig. 9b), increasing weld angle
(Fig. 9c, d), decreasing toe radius (Fig. ge), and
misalignment (Fig.9f).The results given in Fig. 9
are experimental but have been confirmed by
finite-element stress analysis of the local weld
area. Thurlbeck and Burdekin (Ref 21) show that
decreasing the ratio of attachment length to
thickness (LII) from 2.0 to 0.375will increase the
relative fatigue strength by a factor of about 1.2.
Similar results are obtained for changing the
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(a)

Fig. 10 Example of weld toe intrusions

weld angle from 90° to 22.5°. By far the largest
influencing parameter is the weld toe radius,
which, for example, can increase the fatigue
strength over the range I' = 1.0 to 8.0 mm (0.04 to
0.3 in .) by a factor of 1.3, effectively doubling the
life. The weld toe stress concentration factor, Kt,
is a function of all these geometry variables, and
a number of form ulas are availab le for butt welds
and cruciform joints subjec ted to bending or ten
sile load (Ref22, 23).The following formula is for
a T-joint subjected to bending load:

[

l _exp(-0.ge~J
t; = I + -1---e-x-p-'(':---0.-4-51t-~--f-1+- \ ""J

[0' 1 3 + 0'65 ( 1 - ~r] tanh [(¥r ] (Eq l)

(~r I-~

(b)

with the validity boundaries I'ff = 0.02 to 0.2, Iff =
0.5 to 1.2, and e = 30 to 80°.

Misalignment is another geometry-related pa
rameter that can influence the fatigue perform
ance of a weld ed joint. Misalignment can mani
fest itself in several ways, angular and axial
misalignments being the most common. Gener
ally fatigue strength decreases with increasing
misa lignment, as shown in Fig. 9(f). Formulas to
calculate the local weld stress concen tration fac
tor due to misalignment are now well established
(Ref 18).

The degree of influence of the geometry pa
rameters cited above can vary significantly with
the loading condition (e.g., tension versus bend
ing) and the joint type .

Stress Concentration due to Weld Disconti
nuities. It is found from stress analysis of an
idealized model of a fillet we ld loaded in the
transverse dir ection that the stress concentration
factor (Kt) at the weld toe is about 3. This is
comparable to Kt for a hole in a plate. In view of
this, it would be reasonable to expect that the
fatigue behavior of a fillet weld is similar to that
of a plate with a hole. However, as shown in Fig.
5, the fatigue performance of the welded joint is
substantially lower, imp lying that other factors
come into play for welded joints .
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As stated above, weld imperfections are to
some extent controllable and can be avoided dur
ing fabrication, or their effects can be included in
the design. The difference observed in Fig. 5 has
been attributed by some researchers to the pres
ence of microscopic features at the weld toe,
These features are small, sharp nonmetallic intru
sions and are present in most, if not all, welds.
The extent and distribution of these features vary
with the welding process, and also possibly with
the quality of the steel plate and its surface con
dition. The exact source of these intrusions is not
precisely known, but it is believed that slag, sur
face scale, and nonmetallic stringers from a dirty
steel are the primary causes. An example of a
weld toe intrusion is given in Fig. 10. The com
bined effect of these sharp cracklike features and
concentration of stress due to the weld geometry
is that fatigue cracks initiate very early on, and
most of the life is spent in crack propagation.

Planar weld imperfections (e.g., hydrogen
cracks, lack of side wall fusion) are clearly to be
avoided because they will substantially reduce
the fatigue life. Volumetric imperfections such as
slag inclusions and porosity can be tolerated to
some extent (Ref 19), because the notch effect of
these imperfections is generally lower than that
of the weld toe (Fig. 11).

Welding Residual Stresses. In welded struc
tures, it is normally found that residual stresses
are present in the weldment area, and these can
be high and can approach the yield strength of
the material. These stresses occur as a result of the
thermal expansion and contraction during weld
ing, as a result of the constraint provided by the
fabrication or by the fixtures, and as a result of
distortion in the structure during fabrication
(often referred to as reaction stresses). These
stresses are localized to the weld zone and are
self-balancing (Le.,both tensile and compressive
stresses are present). Transverse to the weld toe
the residual stress is typically tensile and can
approach yield point. When a load cycle is ap
plied to the structure, it is superimposed onto the
residual stress field, and the effective stresses
acting at the weld joint can fluctuate down from
yield level (Fig. 12). The range of each cycle re
mains unchanged, but the effective mean stress
can be significantly different from the applied
mean stress. Because of the dominance of crack
propagation in welded joints and the presence of
high tensile residual stresses, the mean stress ef
fect is negligible, and fatigue life is controlled by
the stress range (Fig. 13).

Reducing residual stresses using postweld heat
treatment can improve fatigue life, but only if the
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materials are able to tolerate bigger fatigue
cracks.

Methods for Improving the Fatigue Life of
Welded Joints. Postweld fatigue life improve
ment techniques are becoming popular for in
creasing the fatigue life of weld joints. From the
preceding sections it can be seen that three factors
influence fatigue of welded joints: stress concen
tration due to joint and weld geometry, stress
concentration due to localized defects, and weld
ing residual stresses. Improvement in fatigue life

400,-.......,:-<:::,----------------,

applied load cycles are partially or fully compres
sive. For fully tensile applied loads, postweld
heat treatment does not improve the fatigue life
(Fig.13b). Thus, it is important to know the exact
nature of applied loads before a decision is made
on the need to heat treat a welded structure.
Indeed, it should be noted that stress relief of
welded joints is never fully effective. Residual
stresses up to yield point have been measured in
stress-relieved pressure vessels and in up to 75%
of yield in stress-relieved nodes in offshore struc
tures. Due consideration has to be given to the
complexity of the overall structure when stress
relieving and to the time and temperature of the
process.

Effect of Material Properties. Because crack
propagation dominates the fatigue life of welded
joints, material properties have no effect on fa
tigue strength. This is illustrated in Fig. 14,where
it can be seen that data points for steels with
different strengths fall within the same scatter
band. Thus, using a high-strength steel to im
prove fatigue life will not be beneficial for welded
structures.

Microstructure. A fatigue crack starting at the
weld toe will immediately grow into the heat-af
fected zone (HAZ) and then into the base metal.
During this period it will propagate through a
variety of microstructures, and as can be seen
from Fig. IS, its growth rate will not be influ
enced in any way. Thus, the variety of HAZ mi
crostructures (and hardness levels) in the weld
ment area have little or no effect on the rate at
which the crack grows.

Fracture Toughness. As with tensile strength, the
fracture toughness of the weld metal, the HAZ, or
the base metal does not influence the crack
growth rate. This can be deduced from Fig. IS,
which represents a variety of materials with dif
ferent strength levels and toughness values. The
only influence of fracture toughness is the limit
ing size the fatigue crack could reach before the
material fails in an unstable manner. Tougher
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ing operationmust penetrate at least 0.5mm (0.02
in.) into the parent plate. In these procedures the
depth, the diameter of the groove, and the direc
tion of the grinding marks become important
issues. In TIG and plasma dressing, the weld toe

can be obtained by reducing the effects of one or
more of these parameters. This is particularly
true for cracks starting from the weld toe, which
is by far the most common failure site. In load
carrying fillet welds, however, cracks can start at
the weld root and propagate through the weld
throat until failure occurs. In this case, additional
weld metal to increase the weld throat dimension
will result in reduction in shear stress and, hence,
a corresponding increase in fatigue strength.

Because the most common failure site is the
weld toe, many postweld treatments for this re
gion have been developed to improve the fatigue
life. These techniques largely rely on removing
the detrimental intrusions at the weld toe, reduc
ing the joint stress concentration, or modifying
the residual stress distribution. There are primar
ily two broad categories of postweld techniques:
modification of the weld geometry and modifica
tion of the residual stress distribution (Ref24,25).
A complete list is given in Fig. 16. Methods that
reduce the severity of the stress concentration or
removal of weld toe intrusions include grinding,
machining, or remelting. These techniques essen
tially focus on altering the local weld geometry
by removing the intrusions and at the same time
on achieving a smooth transition between the
weld and the plate. Typical profiles of burr
ground and tungsten inert gas (TIG) dressed
welds are given in Fig. 17.Becauseweld toe intru
sions can be up to 0.4mm (0.016 in.) in depth, the
general guideline is that the grinding or machin-
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Fig. 16 Range of postweld fatigue life improvement techniques

is remelted in order to improve the local profile
and also to "burn" away or move the intrusions.
With these techniques, the position of the arc
with respect to the weld toe and the depth of the
remelt zone are two critical variables. Controlling
the shape of the overall weld profile has also been
recognized as a method of improving the fatigue
life. The American Welding Society (AWS)weld
profile procedure using the "dime" test reduces
the weld geometry Kt and hence increases the
fatigue life (Ref26, 27).

Methods that modify the residual stress field
include heat treatment, hammer and shot peen
ing, and overloading. Postweld heat treatment is
known to reduce tensile residual stresses but
does not eliminate them completely. The benefits
of postweld heat treatment can be realized only if
the applied loads are either partially or fully com
pressive. Overloading techniques rely on reduc
ing the tensile residual stress field and/or intro
ducing compressive stresses at the weld toe.
Exact loading conditions for a complex structure
are difficult to establish, so this technique is
rarely used. To obtain significant improvement
in fatigue strength, it is necessary to introduce
compressive stresses in the local area in a consis
tent and repeatable manner. The three peening
techniques (shot, needle, and hammer peening)

aim to achieve this by cold working the surface of
the weld toe. As with the grinding methods, it is
necessary to penetrate the parent plate and de
form to a depth of at least 0.5 mm (0.02 in.).
Hammer peening is perhaps the best technique to
do this, and it has the advantage of removing the
weld toe intrusions by cold working them out.
Peening techniques require special equipment
and can present safety challenges for noise con
trol. They are very difficult to automate and con
trol in production.

A comparison of the improvement in fatigue
strength obtained by some of these techniques is
given in Fig. 18.It can be seen that hammer peen
ing is perhaps the best technique, perhaps be
cause it reduces or eliminates intrusions as well
as introducing compressive stresses. Burr grind
ing, which is easier to implement, also produces
significant improvement in fatigue life. Disc
grinding and burr grinding are probably the
most frequently used methods for improving the
fatigue life of welded joints.

Fracture Control in Welded Structures

The brittle fracture of ships during World War
n stimulated intensive research into avoiding
catastrophic failures in fabricated structures. The
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specimens. The most widely used impact speci
men is the Charpy V-notch impact test, and the
test has become one of the necessary means of
ensuring that the weld metal, the base metal, and
the HAZ have sufficient toughness to avoid un
stable fractures.

The Charpy test evaluates both the initiation of
brittle fracture as well as its subsequent propaga
tion. The significance attached to controlling frac
ture initiation or propagation has influenced
much of the fracture research work since the
early period, and it has resulted in two philoso
phies for fracture control.

United States researchers concluded that be
cause of the highly heterogeneous nature of
welds, it would be impractical and risky to try to
control brittle fracture initiation in welded struc
tures. It was argued that "pop-in" of fractures
from brittle regions was likely and that the steel
toughness should be sufficient to prevent a pop
in from propagating into a full-scale fracture.
Pellini et al. (Ref28) used this concept to propose
the first practical design tool linking the required
fracture toughness to temperature and design
stress. The approach was presented in the form of
a fracture analysis diagram (Fig. 20) that has a
constant shape, where the position of the curve
along the temperature axis is indexed to the "nil
ductility temperature" (NDT), which is obtained
from the drop weight test. This approach has
been widely used for fracture control of many
types of structures, and as far as it is known, there
have been no brittle fractures in steels that meet
the NDT criteria.
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Fig. 17 Typical profiles for (a) burr grinding and (b)tungsten in
ert gas dressing of weld toe

nature of this type of failure provides no warn
ing, and the aftermath is often spectacular (Fig.
19). These early failures led to many studies to
identify the parameters that need to be controlled
in order to avoid brittle fractures. Toughness of
the material was one parameter that emerged
from these studies. Much of the early work fo
cused on measuring the toughness of steels used
in ship structures, using notched-bar impact
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Fig. 18 Comparison of different improvement techniques
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Fig. 19 Example of brittle fractur e in ship structures

TIle competing approach is to try to control
initiation of the fracture. This has been advocated
mostly by the Europeans, and now more recently
by the North Americans. The initiation approach
is intimately linked to fracture mechanics con
cepts, and in many codes and standards it has
been used to specify toughness requirements for
weld and base metals and has been valuable in
establishing flaw acceptance criteria for inspec
tion. For welded joints it was recognized that
initiation of fracture took place under the influ
ence of high tensile residual stresses and stress
concentration effects, which led to the use and
advancement of postyield fracture criteria, pri
marily through the development of fracture me
chanics approaches for CTOD . The onset of brit
tle fracture requires the presence of a flaw of
critical dimensions, low toughness, and stress
(primary and secondary) of critical magnitude.
Here the discussion focuses only on toughness
and on the specification of toughness levels for
welded regions and parent materials to avoid
fracture initiation. The factors that influence the
initiation of unstable fracture are identified.

Factors Affecting Fracture Toughness. The
toughness of a material can be measured using a
standard Charpy V-notch specimen, as stated
above, or by using a fracture mechanics test
specimen. The commonly referenced results
from Charpy impact tests include the impact en
ergy required to fracture the specimen, the lateral

expansion, and the percent shear fracture ap
pearance at the specified temperature. The latter
two are intended as measures of ductility. In con
trast to the Charpy test, fracture mechanics
toughness tests fall into two groups: linear elastic
fracture mechanics tests (KId and elastic-plastic
fracture mechanics tests (CTOD, J-curves, and
R-curves). The major advantage of using fracture
mechanics specimens is that the data from these
tests can be used directly in fracture mechanics
fitness-for-service procedures to assess the toler
ance of the structure to the presence of defects
and cracks . The parameters that affect the tough
ness of a material include:

Material grade and chemistry
Strength and hardness
Microstructure and level of impurities
Grain orientation
Size of structure or specimen (constraint)
Notch/crack acuity
Loading rate
Temperature

Some of these are discussed below in the con
text of welded regions.

In conventional structural steels that have a
ferritic microstructure, both Charpy and fracture
mechanics toughness tests show a tran sition
from ductile to brittle behavior with decreasing
temperature. Figure 21 shows Charpy energy
transition curves for a variety of steels and for a
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number of other materials. At high temperatures,
in the upper-shelf regime, a ferritic material be
haves in a fully ductile manner and is capable of
absorbing considerable amounts of energy when
deformed. At these temperatures, ferritic materi
als are generally considered tough. As the tem
perature is reduced, a transition to lower-shelf
behavior occurs. In this regime ferritic materials
are brittle, and fracture occurs in a cleavage
mode. The decrease in toughness (energy ab-

sorbed) from upper-shelf behavior can be sub
stantial, and for some materials the transition
temperature range is very small.

From Fig. 21it is clearly evident that toughness
is a function of the material type and the yield
strength. Furthermore, the transition behavior is
affected by the size and type of the specimen, the
loading rate, and the notch acuity. Generally, the
toughness is reduced with increasing loading
rate, increasing specimen size, increasing notch
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acuity, increasing thickness, and increasing crack
depth (Fig. 22). Thus/ neither the fracture
strength nor the toughness is a sole predictor or
criterion for fracture control. This can present
challenges to a design engineer who would like
to be able to predict conditions for the onset of
brittle fracture from some simple specifiable ma
terial properties. Also, this indicates that it is
important to match the test specimen size and
test conditions closely with the local region in the
actual structure.

For welded joints/ the challenge of generating
toughness information is increased further by the
nonhomogeneous nature of the region. Vari
ations in notch location and orientation can result
in significantly different toughness values. The
weld HAZ presents particular difficulties in
toughness measurements owing to its narrow
width. For example, in structural steels welded
using typical arc energies, the transformed HAZ
is usually no more than 3 to d mm (0.12 to 0.16in.)
wide. Within this distance there are wide ranges
of microstructures and properties (Fig. 23), and
the critical region of interest may be 1 mm (0.04
in.) or less. Despite their small size, brittle regions
within the HAZ can have a significant influence
on the integrity of a structure with respect to
failure by brittle fracture. A number of cata
strophic brittle fractures of engineering struc
tures/ including pressure vessels, storage tanks
and bridges, in which the fracture started in the
HAZ attest to this (Ref 29).

Figure 24 shows some examples of notch loca
tions and orientations in the weld metal and the
HAZ for measurement of fracture toughness.
While placement of the notch in the weld metal is
simple and straightforward, HAZ notch location
can be difficult. Some industries have developed
specific procedures that simplify Charpy testing
of HAZ and ask for through-the-thickness
notches located at the fusion boundary (FB), FB+
2 mm (0.08in.), and FB+5 mm (0.2in.). Although
a certain amount of information on the variation
in HAZ toughness can be obtained from these
tests, their primary aim is to ensure that a certain
level of quality in workmanship is maintained.
Results obtained from Charpy testing of the HAZ
have to be treated with caution, because it has
been shown that the blunt notch of this type of
test specimen can miss sampling local regions of
low toughness (Ref3D). This caution also applies
to Charpy testing of multipass welds, because it
is well known that in the transition regime, de
pending on the orientation of the Charpy notch,
bimodal fracture behavior can be obtained at the
same test temperature. This is because the notch
of one test specimen may sample microstructure
exhibiting upper-shelf behavior, and a specimen
from the adjacent location may sample low
toughness microstructure (Ref 31). Thus/ weld
ment toughness data can exhibit Significant scat
ter/ particularly in the transition regime, and care
has to be taken in interpreting the results.
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Although both Charpy and fracture mechanics
toughness test standards are now well estab
lished for parent material (Ref 32-34), the com
plex nature of the weld joint has hindered the
development of standardized procedures for
measuring the toughness. At the time of this writ
ing, both the American Society for Testing and
Materials (ASTM) and the British Standards In
stitute (BSI) were developing draft standards for
weldment toughness testing, but these are re
stricted to weld metal. An essential requirement
for tests on welded joints is that the test welds
should be fully representative of the service
structure of interest. This requirement is based on
the knowledge that the fracture toughness of
weld metals and weld HAZs may be critically
dependent on such factors as:

Welding process and consumables
Base metal composition
Joint thickness
Preheat and interpass temperature
Heat input
Welding position
Joint configuration
Restraint
Postweld heat treatment
Time between welding and testing

Information on the effects of these welding fac
tors can be obtained from Ref 35.

Embrittlement Mechanisms. Localized em
brittlement in welded regions can occur by a
number of mechanisms, and these can increase
the risk of brittle fracture initiation. The three
most common mechanisms are hydrogen embrit
tlement, strain aging, and temper embrittlement.
Each of these mechanisms can reduce the tough
ness of the material, either soon after welding or
during service. There are many catastrophic fail
ures associated with these embrittlement mecha
nisms (Ref 36), and an effective fracture control
plan has to include their potential effect.

Hydrogen Embrittlement. Hydrogen in steels
and welded joints can be introduced in several
ways. In welding, hydrogen from the arc atmos
phere can dissolve into the liquid weld pool, and
if the weld cools rapidly, a significant quantity
may be retained in the weldment at low tempera
tures. Alternatively, in the petrochemical indus
try, hydrogen can be absorbed by the contain
ment vessel during service when the medium in
the vessel contains diffusable hydrogen. Suffi
cient hydrogen levels cause cracking in the weld
metal and the HAZ, but lower levels of hydrogen
can cause other problems, including the forma
tion of "fish eyes" and embrittlement of the ma
terial. Hydrogen embrittlement in weld metal
often manifests as a loss of ductility and fracture
toughness. The susceptibility of a material to hy
drogen embrittlement depends on the chemistry
and microstructure, and therefore the different
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Temperature

Fig. 26 Schematic diagram showing the effect of temper em
brittlement on toughness
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been strain aged by the welding process, thus
lowering the local toughness. The material
toughness away from the defect was found to be
high. As a consequence of the presence of the
defect, the low toughness at the crack tip (on a
cold day), and high local weld residual stresses,
the oxyfuel cutting defect triggered a brittle frac
ture that caused the complete collapse of the stor
age tank.

Temper embrittlement is the loss in toughness of
alloy steels on exposure to temperatures in the
range 325 to 575°C (620 to 1065 OF). It occurs in
coarse austenite grain microstructure (e.g.,HAZs
and weld metal) in which no ferrite is formed on

Fig. 25 Importance of time and hydrogen release treatment on
fracture toughness. (a) Effect of hydrogen on fracture

toughness immediately after welding. (b) Effect of time on as
welded specimens

regions of the weldment embrittle differently due
to the presence of hydrogen.

The data given in Fig. 25(a) for a weld in a
carbon-manganese steel show that the fracture
toughness transition curve shifts to the right in
the presence of hydrogen, and the upper shelf is
lowered. Hydrogen embrittlement therefore af
fects the complete transition curve, regardless of
the failure mode. However, it should be noted
that the effects of hydrogen embrittlement are
sensitive to the strain rate. The trends observed in
Fig. 25(a)may not be apparent with a Charpy test
that is conducted at high strain rates, compared
to a CTOD fracture toughness test. Thus, caution
should be observed when attempting to measure
the hydrogen embrittlement effects using a
Charpy V-notch toughness test.

Earlier it was stated that the toughness of the
weld metal or the HAZ is dependent on the time
between welding and testing. This is largely due
to the presence ofhydrogen and its diffusion over
time. For structures that will not be subjected to
subsequent hydrogen environment during serv
ice, it would be misleading to test the weldment
soon after fabrication. The presence of the diffus
able hydrogen could lower toughness, as shown
in Fig. 25(b). This figure shows that a true value
of toughness is obtained more than 100 h after
welding, but this time is dependent on the size of
the weld and the amount of hydrogen present.
An alternate way to ensure that the hydrogen
effects are dispelled is to soak the welded sample
for a few hours at 150°C (300 OF) before testing.
This is referred to as hydrogen release heat treat
ment.

Strain Aging.The thermal and strain cycles that
accompany welding can give rise to "dynamic"
strain aging embrittlement. This is caused by the
diffusion of carbides and free nitrogen into dislo
cations in the steel matrix. These dislocations,
generated through the straining mechanism, be
come pinned (their movement is inhibited), thus
increasing the yield strength (effectively the
stress required to move the dislocations). Strain
aging may also result in an increase in tensile
strength, and it is usually accompanied by reduc
tion in toughness. Strain aging in welds is often
thought to occur in the root regions, which are
highly restrained and receive complex thermal
cycling. Strain age embrittlement has caused
many failures in service, one example being the
Ashland storage tank failure in January 1988(Ref
37).An oil tank owned by Ashland Petrochemical
Company ruptured as it was being filled for the
first time after reconstruction, and as a conse
quence, approximately 4 million gallons (15x 106

L) of diesel fuel were released. The failure was
attributed to a small defect left behind from an
oxyfuel cutting process close to the circumferen
tial seam. The material ahead of the defect had
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Table 1 Risk matrix of the Canadian Offshore Structures Standard

Safely class of structural element

Susceptibility to
fractureinitiation Safety class 2

Highly redundant
structure

Safely class I
Limited redundancy

ofslrueture

Box7 Box 8
Some initiation toughness; Good control of initiation;

some crack arrest toughness moderate crack arrest toughness

Low
(e.g., element incompression
or low tension)

Moderate
(e.g., element in tension; no
high stress concentrations; no
hotspots; no plastic straining)

High
(e.g., element in tension; high
stress concentrations; hot
spots; plastic straining)

Box1
No toughness requirements

Box4
Nominal toughness

Box 2
Nominal toughness

Box5
Moderate control of initiation;

moderate crack arrest toughness

Box3
Some initiation toughness;

moderate crack arrest toughness
Box6

Moderate control of initiation;
good crack arrest toughness

Box9
Good control of initiation; good

crack arrest toughness

Note: Boxnumbers correspond to box numbers in Table 2. Source: Ref 7

Table 1 shows the risk matrix reproduced from
the standard. For each of the boxes in Table 1, the
corresponding toughness requirements and test
temperatures are given, as shown in Table 2,
where T is the toughness design temperature of

ture cycles, and the consequences of catastrophic
failure.

Toughness requirements differ widely in the
broad spectrum of industries, but they generally
reflect the degree of conservatism needed for the
specific structure and the consequences of fail
ure. An example of a code that embodies all the
factors and provides a comprehensive fracture
control plan, including crack arrest, is the Cana
dian Offshore Structures Standard (Ref 7). In this
standard, the problem of fracture control is ap
proached by considering both the susceptibility
of a structural element to fracture initiation and
the consequences of its failure. This leads to the
definition of a 3 x 3 matrix that corresponds to
three levels of failure consequences, based on risk
to life and environment. There is a requirement of
increasing crack arrest capability in the base met
al as failure becomes less tolerable, this capability
being measured by the Pellini drop weight test.
Fracture initiation is primarily seen as a weld
metal and HAZ problem, and CTOD fracture
toughness requirements for cases of high initia
tion susceptibility reflect this. In the Canadian
standard the following Charpy requirements for
fracture initiation are based on correlations with
CTOD:

the prior-austenite grain boundaries. It is caused
by migration of elements such as manganese,
silicon, antimony, arsenic, tin, and phosphorus to
high-angle austenite grain boundaries, which be
come embrittled. The risk of temper embrittle
ment can be reduced by promoting fine-grained
austenite microstructure in weld and HAZ re
gions. The degree of embrittlement is often speci
fied as the temperature shift in the Charpy tran
sition curve (Fig. 26).

Toughness Requirements for Avoidance of
Brittle Fracture. This section does not review the
toughness requirements in different industries
for avoidance of brittle fracture. Reference 38
provides excellent coverage of this topic.

Analysis of early Charpy V-notch data of ship
steels indicated that initiation of brittle fracture
occurred only in those steels showing less than
13.5 J (10 ft . lb£) Charpy energy, and cracks
propagated only in those steels showing less than
27J(20 ft . lb£). This gave rise to the 20J(15ft -Ibf)
criterion, which, although not universally appli
cable, has nevertheless been widely used. Today,
most codes specify fracture toughness require
ments that consider the influences of parameters
such as tensile properties, heat-treatment condi
tion, constraint, and material grade. All these fac
tors influence the material ductility and the duc
tile-to-brittle transition temperature. Explicit
specification of toughness requirements for weld
metal and HAZ is rare, although some industry
codes and standards assume that the toughness
specification for base metal also applies to weld
metal and HAZ. Material toughness require
ments are generally part of comprehensive frac
ture control plans that include quality control,
material selection and fabrication, and inspec
tion. Account is taken of the in-service environ
ment, degradation of properties during service
(e.g., aging), applied loading condition, tempera-

Specified minimum yield strength
(SMYS) ofbasemela1,MPa

~70

270 <SMYS :5: 410
>410

Charpy
energy"

27
SMYS/10

41
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ture, it should also lead to a safer structure, be
cause parameters that could potentially cause the
crack to become unsafe are taken into considera
tion.

Given that a flaw or a discontinuity is found in
a weld, fracture mechanics analysis can be per
formed by computing the crack driving force
(which is a function of the applied stresses, the
flaw size, and the geometry) and comparing this
with the resistance of the material to crack exten
sion (which is the fracture toughness of the mate
rial in which the crack resides). In the sections
that follow, procedures to calculate the crack
driving force for fatigue and fracture are briefly
discussed.
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Fig. 27 Failure assessment diagram concept for assessing
cracked components for brittle fracture and plastic col- Fracture Mechanics

lapse

the structural element. For crack arrest, no break
performance in the drop weight test is required
at the specified temperature. Note that the stand
ard includes the effects of stress relief.

For more rigorous fracture toughness specifica
tions, some codes allow the requirements to be
specified on the basis of fracture mechanics
analysis, where the effects of a known or a hy
pothesized flaw, the applied loading conditions,
and the heat treatment condition are considered
for the specific structure. The toughness specifi
cations are usually based on parameters such as
K, J, or CTOD, and they are generally required for
the full plate or joint thickness (Ref35).

Codes and Standards

Fitness-for-Service Codes and Standards for
Fatigue and Fracture Control. Since the mid
1970s, a number of fracture mechanics assess
ment procedures have been developed that en
able the significance of weld discontinuities to be
assessed on a fitness-far-service basis. Using this
concept, a structure is considered fit for the in
tended service if it can operate safely throughout
its design life. The adoption of fitness-far-service
concepts in several industry standards has re
sulted in the development of rigorous fatigue
and fracture control plans. In addition to allow
ing the integrity of a structure to be assessed, a
fitness-far-service code enables the remaining life
to be computed.

The use of fitness-far-service technology in de
sign and inspection can result in a number of
significant advantages. The major benefit un
doubtedly is that this technology allows individ
ual flaws to be assessed and allows the operator
to decide whether or not to repair. Although
adoption of a fitness-far-service approach may
allow weld discontinuities to remain in a struc-

Fitness-for-Service Codes. A number of differ
ent fitness-far-service assessment methodologies
for calculating allowable or critical flaw sizes are
currently in use throughout the world. A com
prehensive review can be found in Ref 39.

Common methodologies in use today include:

BSI 7608:1993 (Ref11)
BSIPD 6493:1991 (Ref16)
CEGBR6 (Ref40)
EPRl/GEJand CTODestimation scheme (Ref
10)
Deformation plasticity failure assessment dia
gram (Ref41)
The local approach (Ref42)
WES2805(Ref43)
IIW approach (Ref8)
API 579approach (Ref44)
ASMIIXapproach (Ref45)

A survey conducted by Burdekin (Ref 46) un
der the auspices of Commission Xof the Interna
tional Institute of Welding (llW) found that PD
6493:1980 (Ref 15) was the most widely used as
sessment method. This document (Ref 16) has
been revised, and the latest version (entitled
"Guidance on Methods for Assessing the Accept
ability of Flaws in Fusion Welded Structures")
was released in August 1991. At the time of this
writing, the third revision to PD 6493 was in
progress. While some of the approaches listed
above differ, their fundamental basis is the same,
and in this article the intention is to point the
reader to established and validated fracture me
chanics procedures. In this context, some of the
procedures outlined in BSI PD 6493:1991 are
briefly described.

Fracture Mechanics Methods for Fracture
Control. BSIPD 6493:1991 includes three differ
ent fracture assessment routes to enable struc
tures to be assessed at a level of complexity ap
propriate to the problem under consideration.



(Eq2)

The level 1 approach is based on the CTOD de
sign curve method, which forms the basis of the
elastic-plastic fracture assessment procedure in
cluded in BSIPD 6493:1980. This approach has a
deliberate safety factor built into the calculations,
and it results in computation of "tolerable" crack
sizes.

In BSI PD 6493:1991 the level 1 approach is
presented as a method for performing prelimi
nary assessments. The level 2 approach is based
on a plane-stress plastic collapse modified strip
yield model, and there is no inherent safety fac
tor. This method is the preferred assessment level
for the majority of applications. The level 3
method is the most sophisticated assessment
level in the proposed revisions and would nor
mally be used only for the assessment of high
work-hardening materials when the level 2 ap
proach has proved too restrictive or when a
tearing instability analysis is required. The frac
ture assessment model adopted in the level 3
approach is based on the reference stress model
proposed by Ainsworth (Ref47).This assessment
level requires extensive material characterization
data, including details of the stress-strain behav
ior of the material in which the defect is located.
This presents a challenge for the HAZ. All three
levels can be undertaken in terms of the stress-in
tensity factor, K (or K derived from fracture resis
tance J)or the CTOD fracture mechanics parame
ters. Level 2 approach is based on procedures
similar to CEGB R6 Rev. 2/ and the level 3 ap
proach is based on CEGBR6Rev. 3 (Ref40).These
codes have been extensively used in the electric
utilities industry in the United Kingdom.

In all three levels of fracture assessment, the
resistance of a structure to failure is determined
using a failure assessment diagram (FAD). The
y-axis of the FAD indicates the resistance of the
structure to brittle fracture, while the x-axis as
sesses its resistance to plastic collapse. The failure
assessment curve interpolates between these two
limiting failure modes.

The level 2 assessment procedure, which is rec
ommended as the primary method, has a FAD
that is defined by:

s;~= s,[:2 In sec (i) s,rla
where Kr is the ratio of the applied stress-inten

sity factor to the fracture toughness K, -va; is the
ratio of the applied CTOD to the material CTOD,
and Sr is the stress ratio that is taken as the ratio
between the net-section stress and the flow
strength of the material.

For a given flaw, both Kr or -va; and Sr are
determined using appropriate solutions, and
these are plotted as a coordinate of a point onto
the FAD (Fig. 27). If the point falls within the
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envelope of the failure locus, the flaw is consid
ered safe. If the point falls outside the locus, the
flaw is unacceptable.

The FAD to assess the integrity of a structure
assumes that the size of the flaw is known. In
order to compute limiting flaw size, say for in
spection purposes, a point that lies on the failure
assessment line and corresponds to the applied
loading conditions has to be determined. This is
achieved using iterative techniques by plotting a
series of assessment points as a function of flaw
size. The point that intersects the failure line
gives the limiting size of a flaw. By performing
these calculations for a series of crack aspect ra
tios/ tolerable flaw size plots of the type given in
Fig. 28 can be generated. This type of plot can be
used either to set inspection levels or to allow
known flaws to be assessed. In the same way, an
iterative process has to be used to generate the
critical fracture toughness for some hypothetical
(or assumed) flaw size and assumed loading con
ditions. This computed value can then be directly
used for material selection.

Another approach that is sometimes used to
ensure that catastrophic failure does not occur is
leak-before-break. This design philosophy has
been developed primarily for applications where
the crack extends in a stable manner by such
mechanisms as stable tearing or fatigue crack
growth. This approach can be invoked only if the
crack shape at breakthrough can be precisely pre
dicted. In most cases it is generally assumed that
the defect length at breakthrough is 2 to 3 times
the plate thickness. However, there have been
instances where defects up to 10 times the plate
thickness have been found during inspection of
petrochemical plants. Leak-before-break be
comes less likely as the defect length increases, so
it should be invoked with great caution.

Methods for Fatigue Control

The two most widely used approaches for fa
tigue control in welded joints are the S-N curve
approach and fracture mechanics assessment
methods. Both approaches are used extensively
for design and in-service assessment of welded
fabrications, and they are included in many in
dustry and regulatory codes as standardized pro
cedures.

The S-N curve approach for fatigue control in
"nominally sound" welded joints is the simplest
and most widely used in a variety of industries.
The approach is based on the results of extensive
welded joint fatigue tests during the early 1970s.
.It was found that welded joints could be classi
fied into groups/ with each group having a spe
cific S-N curve. There are a number of design
classification approaches in existence, for exam
ple AWS Dl.l (Ref 27)/ AASHTO-Bridge Code
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Fig. 28 Example of a "tolerable"flawsize plotderivedusingfracture mechanicsprinciples

where Me is the applied stress-intensity factor
range, a is the crack size, N is the number of cycles,
and C and m are constants that depend on the
material and environment. This crack growth law
is bounded by the threshold value for Me, Meth,
and the critical value of Kmax for fracture tough
ness, Kc• Experience with this crack growth law
shows that it can be used to make reasonable esti
mates of the fatigue lives of welded joints,particu-

Fracture Mechanics Approach. The second
most widely used design approach for welded
structures uses fracture mechanics as its funda
mental basis. As stated earlier, the majority of the
fatigue life of a welded joint is spent in propagat
ing existing crack-like features. Consequently,
the analysis of fatigue cracking in welded joints
is well suited to fracture mechanics, which can be
used to predict the fatigue strength of nominally
sound welds by considering the propagation of a
fatigue crack from the inherent discontinuities
that exist at the weld toe and the weld root. Frac
ture mechanics also can be used to predict the life
of a joint with a weld discontinuity.

In documents such as PO 6493:1991, it is recom
mended that where possible, the fatigue crack
growth relationship based on the Paris law
should be used:

(Ref6), and BS7608(RefII), but the fundamental
basis for them is the same. In Fig. 29, a typical set
of fatigue design curves, where BS7608 is taken
as a reference, each joint detail is placed into one
of nine classes: A, B,C, 0, E, F, F2, G, or W. Class
A is the parent material S-N curve obtained from
uniform, machined, and polished specimens;
class W is the welded joint S-N curve based on
nominal shear stress on the minimum weld
throat area; and classes B through G are the
welded joint S-N curves for joints of decreasing
fatigue performance (or increasing joint stress
concentration factor and notch severity). This ap
proach is based on actual weld joint test data, so
the joint classification takes into consideration
the influence of the local stress concentration cre
ated by the weld geometry, effects of local dis
continuities (e.g., weld toe intrusions), and resid
ual stresses. The design stress, therefore, is the
nominal stress adjacent to the weld detail under
consideration. However, where joints are situ
ated in regions of stress concentration resulting
from the gross shape of the structure (e.g., adja
cent to a hole), then it is necessary to consider the
additional concentration of stress when the
nominal stress range is calculated. S-N curves are
used in design either to determine the maximum
allowable cyclic stress for a given fatigue design
life or to estimate the design life for a given set of
operating conditions.

da/dN = C(ilK)m (Eq3)



Fatigue and Fracture Control of Welds / 137

1000

100
«lc,

::2;

m
(J)

oj
Cl
c
l!!
gj

~
10

-..........-..:::~ B
....;:::-..... :---.. /, !2
~ ::::~ ~ t-- h % E--....... r-..~ ~~ :::::: ~~:::::::::: ::::::-' I-~- 1'-.../

-

-- -.....-....... .....
F- .-/ r/V - r- ..::--- '-F2 r>V -::::::: -G- --W

106

Endurance, cycles

Fig. 29 Mean minus two standard deviation S-Ncurvesfor welded joints. See text for definitions of lettersymbols.

Mk factors are normally obtained by finite-ele
ment analysis of the type of joint and loading
under consideration, and they are expressed in a
nondimensional form. Mk factors are a function
of the weld geometryparameters shown in Fig. 8:

where !J..cr is the stress range, Y is a function of
geometry and loading, and Mk is a factor incorpo
rating the stress concentration effect of the weld.
The relationship between Ao and the fatigue life N
for an initial crack size ao and maximum crack size
ac is obtained by substituting Eq 4 into Eq 3, then
integrating and rearranging to give:

lady when the initial crack size is relatively large.
However, the actual sigmoidal shape may need to
be represented in case of random loading assess
ments, and assessments for which Kmax is close to
Kc in the idealized relationship of Eq 3 can be
nonconservative.

In general, the stress-intensity factor range, M,
can be expressed as:

(Eq 6)

(Eq7)

Mk = f (r/T, l./l', 8)

General expressions forMk factors have been pro
duced by Thurlbeck and Burdekin (Ref 20), and
these can be used with standard stress-intensity
factor solutions to predict fatigue life.

Maddox (Ref 48) has carried out a series of
fatigue crack propagation tests on various parent
steels, weld metals, and HAZ microstructures
(Fig. 15). He found no significant variation in
crack propagation rates among any of the mate
rials tested when the growth occurred by the
striation mechanism. Based on such information,
in BSI PD 6493:1991 firm recommendations are
given for crack growth rate data. The option is
available to use specific crack growth rate data
for the material of interest, but otherwise the
following upper-bound crack growth rate con
stants for ferritic steels (up to 600 MPa, or 87 ksi)
operating in nonaggressive environments are
recommended:

da/dN = 3 x 10-13 (!J..K)3 (N, mm units)

The use of this crack growth relationship repre
sents approximately 97.7% probability of sur
vival. Higher crack growth rates may occur in
weld metals and HAZs when the normal crack

(Eq4)

(Eq5)fa, da = C(!J..cr)m N
(YM "rramaD k
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M(lh = 170-214R (N, mm units)forO~R~0.5

(Eq9)

growth (by striation mechanism) is accompanied
by cleavage or microvoid coalescence. Under
such circumstances the value for constant C can
be increased to 6 x 10-13

. For structural ferritic
steels operating in marine environments up to 20
°C (68 OF), the following crack growth constants
are recommended:

For design purposes, it is sometimes necessary
to estimate the limiting flaw size that will not
extend by fatigue during service. The limiting
crack size below which fatigue crack growth will
not occur can be calculated using threshold con
cepts based on LVCth. Near threshold da/dN be
comes very sensitive to a number of variables
including the applied stress ratio R (minimum
stress/maximum stress). The following thresh
old stress-intensity factor ranges, representing
the mean minus two standard deviations, are
recommended for ferritic steels operating in air
or seawater environments and also for austenitic
stainless steels:

Welding residual stresses must be taken into
account when calculating the stress ratio. Using
the above expressions, it is possible to calculate
the limiting flaw size that will not extend by
fatigue during service.

Using the fracture mechanics fatigue crack
growth procedures described above, the user can
determine the number of cycles (or time) needed
for a crack to extend from an initial size to a final
size. This information can be used in a powerful
way to define inspection criteria, and in particu
lar inspection intervals. Alternatively, it can be
used to compute the remaining life of a welded
component, before failure by unstable fracture or
plastic collapse becomes a reality. Another im
portant use of this technology is the estab
lishment of flaw acceptance criteria for nonde
structive examination (NDE) of welded joints.
Here the process is reversed by first defining the
total design life of the structure and the final flaw
size for fracture, then computing the initial crack
size for that life cycle. This computed value of the
flaw size can be used directly for specifying NDE
flaw acceptance levels. Adoption of this ap
proach should enhance the safety of the struc
ture, because all failure modes are considered
and the flaw acceptance levels are specifically
calculated rather than being based on workman
ship criteria.
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Chapter 8

Factors Influencing
Weldment Fatigue"

F.V. Lawrence, S.D. Dimitrakis, and W.H. Munse,
University of Illinois at Urbana-Champaign

THERE IS general agreement that the main fac
tors influencing the fatigue life of a weldment are:

Applied stress amplitude
Mean and residual stresses
Material properties
Geometrical stress concentration effects
Size and location of welding discontinuities

but there is often disagreement as to the relative
importance of each.

This article is intended to help engineers un
derstand why the fatigue behavior of weldments
can be such a confusing and seemingly contradic
tory topic, and hopefully to clarify this complex
subject. The endless variations in weldment ge
ometry are a major source of difficulty and an
alternative classification system is suggested. For
a given weld geometry, it is concluded that the
behavior of structural weldments depends to a
rather large extent on the nature of the industrial
application, that is, upon the size of the weld
ment and upon the quality of the welding and the
postwelding procedures employed.

The factors influencing the fatigue behavior of
an individual weldment are reexamined in the
first section of this article using extensive experi
mental data and a computer model that simu
lates the fatigue resistance of weldments. In the
next section, the process of fatigue in weldments
is discussed in general terms, and the service
conditions that favor long crack growth and the
conditions that favor crack nucleation are con-

trasted. Next, experimental data show the effect
of weldment geometry on fatigue resistance. Sev
eral useful geometry classification systems are
compared. In the last section, a computer model
is employed to investigate the behavior of two
hypothetical weldments: a discontinuity-contain
ing ("Nominal") weldment and a discontinuity
free ("Ideal") weldment. These two weldments
exhibit radically different fatigue behavior and
thus are useful paradigms that help engineers
decide how their weldments will behave and
how the fatigue resistance of their weldments
might be improved.

Metallic Fatigue in Weldments

As with any notched metal component, the
process of fatigue in weldments can be divided
into three periods: crack nucleation, the develop
ment and growth of a short crack (stage I), and
the growth of a dominant (long) crack to a length
at which it either arrests or causes fracture (stage
II in Fig. 1).

The boundaries between these periods are ill
defined. Nonetheless, it is useful to think of the
total fatigue life of a notched metal component or
a weldment (NT) as the sum of three life periods:
fatigue crack nucleation (NN), short (or stage I)
crack growth (NPl), and long (or stage II) crack
growth (NP2):

(Eq 1)

*Adapted fromASM Handbook, Volume 19, Fatigue andFracture, 1996, p 274--286
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Intrusions and
extrusions (surface roughening)

The relative contribution of each of these three
periods to the fatigue life of weldments is contro
versial and appears to vary with the geometry of
the weld and weldment, the size of the weld
ment, the nature of the residual stresses present,
and the severity of the weld discontinuities exist
ing in the weldment. In this article, it is useful to
imagine that there are two extreme kinds of
weldments: "Nominal" weldments, which con
tain substantial (-0.1 in. depth) weld discontinui
ties; and "Ideal" weldments, which have blended
weld toes and no substantial weld discontinuities
(Fig. 2). The fatigue behavior of the "Nominal"
and "Ideal" weldments differs greatly.

(Eq2)

The basic geometry and/or loading of some
weldments leads to a very desirable phenome
non in which a stage IT crack slows down rather
than accelerates as the crack lengthens. When
ever this occurs, the growth [by the Paris power
law da/dN = C(M<)Il] of long cracks (NP2) can be a
major fraction of their fatigue life. Such weld
ments may never fail but rather may develop
long, slow-growing fatigue cracks (Fig. 3). Most
weldments have several sites of stress concentra
tion.

Corrosion fatigue is another phenomenon that
diminishes the relative importance of crack nu
cleation (NN) and small crack growth (NPl) in
weldments. Finally, variable load histories con
taining many large, damaging events may
greatly shorten the fatigue life devoted to NN and
NPlo

Conditions Favoring Crack Nucleation and
Early Crack Growth. While the deleterious ef
fects of weld discontinuities, corrosion fatigue,
and some variable load histories can diminish the

Conditions Leading to the Dominance of
Long Crack Growth (Np2). For many reasons,
stage II crack growth generally dominates the
fatigue life of a weldment, while the periods de
voted to crack nucleation (NN) and early crack
growth (NPl) are generally relatively short. Engi
neers for whom a single failure would be cata
strophic and who are forced to use low-quality
welding procedures must by necessity adopt a
very pessimistic view regarding the fatigue life of
weldments and make the rather conservative as
sumption that:

Stage I fatigue crack

Persistent slip band
(nucleation of slage I

fatigue cracks)

/ Stage II fatigue crack

t t t t t t

Metallic fatigue. The stagesof fatigue include cyclic slip
(crack nucleation) and stageI and stageII crack growth.

Fig. 1

"Nominal" weldment

Undercut, slag
entrapment,

• and/or other
discontinuities

Base metal

"Ideal" weldment

Fig. 2 Conceptual drawing of fatigue crack initiation and growth at the toe of (left) a "Nominal" groove welded butt joint having a sub-
stantial (=0.1 in. depth) weld discontinuity (slagentrapment) at the root of the critical notch (weld toe) and (right) an "Ideal" weld

ment with good welling and no substantial discontinuity at the root of the critical notch. Only the right halves of these weldments are illus
trated. In the case of the "Nominal" weldmentthe fatigue crack initiates at the tip of the preexisting discontinuity, that is, at a depth of =0.1
in. along the line of fusion; whereas in the case of the "Ideal" weldment, the fatigue crack is presumed to initiate at the weld toe, possibly
in weld metal.



a

Groove welded butt joint

AS

~---~--~-~------------
Initial crack length

Cycles, Np2

a

Factors Influencing Weldment Fatigue / 143

Tensile-shear spot weld

W
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~K

Initial crack length

Cycles, Np2

Fig.3 Two radically dissimilar patterns of stage II crack growth in weldments. The crack geometry and load path in the groove welded
butt joint (top left) is similar to the center cracked panel for which the stressintensity factor increaseswith crack growth; whereas,

the crack geometry and load path in the tensile shear spot weld (top right) is similar to the loading pattern for a bolt or rivet for which the
stressintensity factor may decrease with crack growth. The difference between the two weldments favors the acceleration of fatigue crack
growth with increasing crack length in the case of the groove welded butt joint and the possible development of nonpropagating cracks in
the case of the tensile shear spot weld.

importance of NN and NPl in weldments, one can
also adopt an opposite, more optimistic view of
the fatigue life of weldments in which NN and
NPl can be a major part of the fatigue life of a
weldment and in which the fatigue life of such an
"Ideal" weldment can be greater than NP2. "Flux
less" fusion welding processes such as gas-metal
arc welding (GMAW) or gas-tungsten arc weld
ing (GTAW) are capable of producing large
weldments in which weld discontinuities at the
root of the critical notch are small or even nonex
istent. It should be noted that for a weld discon-

tinuity to control the fatigue resistance of a weld
ment, it must be located at the root of the critical
notch so that the worst case can occur, in which
the stress concentrations of both the critical notch
and the weld discontinuity interact. The fact that
fatigue invariably begins at the root of the critical
notch reduces the likelihood of randomly distrib
uted weld discontinuities participating in fatigue
crack nucleation and early crack growth, which
are constrained to the root of the critical notch
(i.e., the ripple, the toe, or the root of a weld
ment). It is also possible that the weld reinforce-
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Table 1 Abbreviationsfor weld details inTable2

Effects of Weldment Geometry

The Fatigue Behavior of 53 Structural Details!
Some of the common structural details encoun
tered in bridge, ship, and ground-vehicle con
struction have been catalogued by Munse et al.
(Ref 1). The shapes of 53 structural details and
variations of these details are shown in Fig.4.The
abbreviations used are given in Table I, and fur
ther information regarding the 53 joints is given
in Table 2. This catalogue begins with what

ment may be sufficiently irregular that the worst
notch can be located in the weld metal; however,
this situation can be avoided by proper welding.

All welding processes can produce either
"Ideal" welds free of discontinuities or "Nomi
nal" welds with a 0.1 in. cracklike discontinuity.
For example, welding processes such as resis
tance spot welding produce weldments in which
large discontinuities are not found. Thus, hig~

quality structural welds and welds such as rests
tance spot welds may not contain large disconti
nuities, and their behavior may approach that of
an "Ideal" weldment. In some applications, how
ever, highly stressed welds in critical locations
are less likely (compared to the majority of the
population of the welded components) to be con
sidered discontinuity free and like the "Ideal"
weldment. Many situations may not involve con
stant-amplitude or pseudo-constant-amplitude
loading, and thus the concern about variable load
histories may be a factor. However, welding pro
cedures and postweld treatments can substan
tially improve the fatigue life of a weldment
through increases in any or all of the life periods
NN, NPl, and NP2, and many applications may
allow the assumption of "Ideal" welds and con
stant-amplitude conditions. In this circumstance,
it is reasonable to think of the fatigue life of a
weldment as approaching that of the "Ideal"
weldment, as depending on NN and NPl, and
unlike the "Nominal" weldment susceptible to
large improvement.

would seem to be the simplest shapes and pro
ceeds toward the more complex. Some of the final
geometries (e.g.,No. 39) are complex weldments
and should really be considered structures. Note
that the classification system includes bolted and
riveted joints (No. 8 and 9) and plug and spot
welds (No. 27), which as discussed in the pre
vious section behave in a fundamentally different
way. Several details (No. 28 and 29) are not con
nections at all, simply notched components. For
this reason, this article at first refers to the items
in the catalogue as structural details, but later
focuses on the welded details.

The Influence of Structural Detail Geometry
on Fatigue Strength. The mean strength data in
Table 3 suggest that, after the applied stress
range, detail geometry is the most important
variable affecting fatigue life of a structural de
tail. The role of geometry can be better assessed if
fatigue databank information is edited to sup
press the effectsof other variables, such as R-ratio
and material strength. (Note: It is customary to
group together fatigue data for all thicknesses,
strengths, and R-ratios. This practice is inadvis
able and leads to an unnecessarily large scatter in
fatigue data information. All databanks should
be restricted to a standard strength, R-ratio, and
thickness.) In Table 3, the fatigue databank infor
mation for many of the structural details listed in
Table 2 is reanalyzed and restricted to data for R
= 0 tests and data for steels having yield strength
less than 50 ksi (345 MPa). In several instances,
the AISC classification of the joint was altered by
this procedure.

Scatter of Structural Detail Fatigue Data Re
sulting from Classification Systems. The design
stresses that an engineer must adopt are as much
controlled by the scatter in the fatigue data as by
the mean value of strength for a certain design
life. Thus, the uncertainty (scatter) in weldment
fatigue life is as or more important than the mean
value. This scatter has two basic sources: "real"
scatter, which results from the random nature of
the fatigue variables controlling the fatigue re
sistance of a detail; and the contribution to the
"apparent" scatter, which is an artifac~ of the
classification system imposed. The simplest
classification scheme is suggested by Fig. 4 and
Table 2. Each detail shape is placed in a class by
itself. However, as mentioned in the previous
section, grouping together data for tests having
different experimental conditions leads to artifi
cially large values in standard deviation of the
log of strength(s). Furthermore, as discussed be
low, the practice producing the greatest am?~t
of apparent scatter is the use of broad classifica
tion systems in which details having only
roughly similar fatigue resistances are grouped
together. Munse and Ang (Ref 2) suggested that
the effects of scatter on the desired or required

Flame cut edges
Weld ground
Bending stresses
Machined surfaces
Principal stresses
Shear stresses
Additional description within the same detail

number
Crack initiation site due to tensile stresses
Crack initiation site due to shear stresses
Length of intermittent weld
Pitch between two intermittent welds
Radius
Thickness of plate

(F)
(G)
(B)
(M)
(P)
(S)
A,B,C, ...

C~

Cs~

L
P
R
t
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Table 2 List of weld details catalogued byMunse et al. in Ref 1

Detail
numherfal

1
l(F)
2
2A
3
3(G)
4
4A
4B
4C
5
5A
6
7(B)
7(P)
8
8A
9
10
lO(G)
lOA
10A(G)
11
l1(G)
12
12(G)
13
13(G)
14
14A
15
16
16(G)
17
17(5)
17A(S)
17A
18
18(5)
19
19(5)
20
20(5)
21

21(5)

22
23
24(2L<4in.)
24A (L,.;2 in.)
24B (4in.

<L<8in.)
25
25A
25B
26
27
27(5)
27A

Detail
descripUon

Plain plate, machined edges
Plainplate, flame-cut edges
Rolled I-beam
Riveted I-beam
Longitudinally welded plate, as-welded
Longitudinally welded plate, weld ground
Welded l-beam, continuous weld
Welded l-beam, intermittent weld
Welded box, continuous weld
Welded box, intermittent weld
I-beam with welded cover plate
I-beam with welded plate to web
Welded I-beam with longitudinal stiffeners welded to web
I-beam with welded stiffeners
I-beamwith welded stiffeners
Double shear bolted lap joint
Double shear riveted lap joint
Single shear riveted lap joint
Transverse butt joint, as-welded
Transverse butt joint, weld ground
Transverse butt joint, as-welded
Transverse butt joint, weld ground
Transverse buttwelded l-beam, as-welded
Transverse buttwelded l-beam, weld ground
Flange splice (unequal thickness), as-welded
Flange splice (unequal thickness), weld ground
Flange splice (unequal width), as-welded
Flange splice (unequal width), weld ground
Cruciform joint
Cruciform joint
Lateral attachment to plate edge
Partial penetration butt weld, as-welded
Partial penetration butt weld, weld ground
Angle welded to plate, longitudinal weld only
Angle welded to plate, longitudinal weld only
Channel welded to plate, longitudinal weld only
Channel welded to plate, longitudinal weld only
Flat bars welded to plate, longitudinal weld only
Flat bars welded to plate, longitudinal weld only
Flat bars welded to plate, lateral welds only
Flat bars welded to plate, lateral welds only
Cruciform joint
Cruciform joint
Cruciform joint, 14 in. weld
Cruciform joint, %in. weld
Cruciform joint, 1;4 in. weld
Cruciform joint, %in. weld
Attachment of stud to flange
Attachment of channel to flange
Attachment of bar to flange
Attachment of bar to flange
Attachment of bar to flange

Lateral attachments to plate
Lateral attachment to plate
Lateral attachment to plate with stiffener
Doubler plate welded to plate
Slot or plugwelded double lap joint
Slot or plug welded double lap joint
Spot welded single lap joint

(continued)

Loading
condition

Axial
Axial

Bending
Bending

Axial
Axial

Bending
Bending
Bending
Bending
Bending

Bending, shear
Bending
Bending

Bending, shear
Axial
Axial
Axial
Axial
Axial

In-plane bending
In-plane bending

Bending
Bending
Bending
Bending
Bending
Bending

Axial
Bending

Axial
Axial
Axial
Axial
Axial
Axial
Axial
Axial
Axial
Axial
Axial
Axial
Axial

In-plane bending
Shear

In-plane bending
Shear

Bending
Bending
Bending
Bending
Bending

Axial
Axial
Axial
Axial
Axial
Axial
Axial

Fatigue crack
initiation site

Comers
Edges

Comers
Holes
Ripple

Comers or discontinuity
Ripple

End of weld
Ripple

End of weld
Weld toe
Weld toe
Ripple

Weld toe
Weld toe

Holes
Holes
Holes

Weld toe
Weld

Weld toe
Weld

Weld toe
Weld

Weld toe
Weld

Weld toe
Weld

Weld comer
Weld toe

End of weld
Weld toe or weld

Weld metal
End of weld

Weld
Weld

End of weld
End of weld

Weld
Weld
Weld

Weld toe
Weld

Weld toe
Weld toe

Weld
Weld toe
Weld toe
Weld toe
Weld toe
Weld toe
Weld toe

Weld toe
Weld toe

Weld toe or end of weld
Weld toe

End of weld nugget
Weld nugget

End of weld nugget

(a) The numbering system of Munse et aJ. is related to that of the American Institute of Steel Construction (AISC, Ref 3), but the AISC
classification of weldments contains only 27 shapes. Source: Ref 1
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Table 2 <continued)

Detail Detail Loading Fatigue crack
numbertal description condition initiation site

27A(S) Spotwelded single lap joint Axial Weld nugget
28 Plainplate with drilled hole Axial Edge of hole
28(F) Plainplate with flame-cut circular hole Axial Edge of hole
29 Plainplate with machined rectangular hole (R~%in.) Axial Comer of hole
29R1 Plainplate with machined rectangular hole (% in. <R ~%in.) Axial Comer of hole
29R2 Plain plate with machined rectangular hole (% in. <R ~ 1 in.) Axial Comer of hole
29(F) Plate with flame-cut rectangular hole (R~% in.) Axial Comer of hole
29(F)R1 Plainplate with flame-cut rectangular hole (% in. < R ~ 1;'2 in.) Axial Comer of hole
29(F)R2 Plainplate with flame-cut rectangular hole (% in. <R ~ 1 in.) Axial Comer of hole
30 Longitudinal attachments to plate Axial Plate at end of weld
30A Longitudinal attachments to plate Bending Plate at end of weld
31 Attachments of plate to edge of flange Bending Flange at end of weld
31A Lateral attachment of plate to flange Bending Flange at weld toe
32 Groove welded attachment of radiused plate to edge of flange Bending Flange at end of weld
32A Groove welded attachment of plate to edge of flange Bending Flange at end of weld
32B Butt welded flange (unequal width) Bending Weld toe
32C Buttwelded flange (unequal width, radiused transition) Bending Weld toe
33 Flatbars welded to plate, lateral and longitudinal welds Axial End of weld
33(S) Flatbars welded to plate, lateral and longitudinal welds Axial Weld
34 Flatbars welded to plate, lateral and longitudinal welds In-plane bending End of weld
34(S) Flatbars welded to plate, lateral and longitudinal welds In-plane bending Weld
35 Butt jointwith backingbar Axial Weld toe
36 Welded beam with intermittent welds and cope hole in the web Bending End of weld or cope hole
36A Welded beam with staggered intermittentwelds Bending End of weld
37 Beam connectionwith sloping flanges Bending Weld toe or end of weld

at cope hole
37(S) Beam connection with sloping flanges Shear Weld
38 Beam connectionwith horizontal flanges Bending Weld toe
38(S) Beam connection with horizontal flanges Shear Weld
39 Beam bracket without cope hole Bending Weld toe
39A Beam bracket with round cope hole in web Bending Weld toe or end of weld

at cope hole
39B Beam bracketwith straight cope hole in web Bending Weld toe or end of weld

at cope hole
40 Interconnectingbeams Bending in Weld toe

perpendicular
directions

41 Beam bracket Axial Weld toe
42 Lateral attachment of pi ate to plate with weld beads on both sides Lateral (reversal) Weld toe
42A Lateral attachment of plate to plate with weld beads on both sides Lateral one Weld toe

direction
42B Lateral attachment of plate with weld bead on one side Lateral (reversal) Weld root
42C Lateral attachment of plate to plate with weld bead on one side Lateral one Weld root

direction toward
the weld

420 Lateral attachment of plate to plate with weld bead on one side Lateral one Weld toe away from the
direction away weld
from the weld

42E Lateral attachment of plate to plate with weld beads on both sides Axial in attachment Weld toe
43 Partial penetrationbutt weld, as-welded In-plane bending Weld comer or weld
43A Partial penetrationbutt weld, with edges notched at weld In-plane bending Weld comer or weld
44 Tube welded to plate Bending, shear Weld toe
45 Tube welded to flange plate Bending, shear Weld toe
46 Triangular gusset attachments to plate Axial End of weld
47 Penetrating tube welded to plate Axial in plate Weld toe
47A Attachment of tube to plate Axial in plate Weld toe
48 (R-2t) Penetrating rectangular tube welded to plate Axial in plate Weld toe
48R(R>2t) Penetrating rectangular tube welded to plate Axial in plate Weld toe
49 Clearance cut-out Bending, shear Weld toe or end of weld
50 Clearance cut-out Bending, shear Weld toe or end of weld
51 Clearance cut-out Bending, shear Weld toe or end of weld
52 Clearance cut-out Bending, shear Weld toe or end of weld
53 Reinforced deck cut-out Axial Weld ripple

(a) The numbering system of Munse et al. is related to that of the American Institute of Steel Construction (AISC, Ref 3), but the AISC
classification of weldments contains only 27 shapes. Source: Ref 1
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Table 3 Comparison offatiguedata forstructural details

Mean fatigue strength Standard deviation of
l1Sall06 cydes, 1<9! logAS,l<9i

AllR R=O R=O NewAISC Fatigue crack
Delails AllSy R=O Sy <501<91 R=O Sy< 50 1<91 dass!£icationCa) initiation sltesfb)

lQ 51.8 51 0.074 A
lR 48.2 45.6 39.3 0.06 0.04 A
lA11 44.9 42.1 38.2 0.104 0.042 A
1M 37.1 36.2 36.2 0.04 0.04 A
8 39.8 39.1 35.4 0.094 0.079 A
2 42.1 41 35 0.076 0.017 A
lO(G) 35.2 32.8 31.6 0.136 0.127 A Ripple
IOQ 31.5 32.7 0.114 B Toe
3(G) 31.2 31 31 0.084 0.081 B Ripple
1(F) 38.4 38.4 30.5 0.117 0.057 B(-I)
lOA 31.1 28.8 29.7 0.115 0.066 B Toe
25A 35.8 29.3 29.6 0.109 0.12 B(-I) Toe
3 29 29.1 29.2 0.049 0.044 B Ripple
13 27.8 27.3 28.5 0.055 0.057 B(+I) Toe
28 29.8 28.4 28.1 0.097 0.045 B
12(G) 27.2 27.2 27.2 0.072 0.072 C Ripple
lOR 35.2 33.1 25.8 0.102 0.101 C(-I) Toe
4 27.3 26.8 25.7 0.092 0.095 C Ripple
6 27.3 26.8 25.7 0.092 0.095 C Ripple
9 25.7 25.8 25.5 0.079 0.085 C
10M 26.4 24.5 24.5 0.093 0.093 C Toe
16(G) 22.7 24.5 24.5 0.215 0.215 C(+I) Root
25 24.1 23.9 24.5 0.09 0.08 C(+I) Toe
7(B) 23.8 23.8 24.4 0.083 0.11 C(+I) Toe and CT
19 23.2 23.1 0.157 E1 Toe
30A 23 23 23 0.014 0.014 D Toe and DT
26 17.4 23 23 0.054 0.054 D(+I) Toe
14 25.9 22.9 22.9 0.115 0.109 D(-I) Toe
11 22.7 22.7 22.1 0.078 0.08 D Toe
21 21.8 21.8 21.8 0.117 0.117 D Toe
7(P) 21.5 21.5 0.075 D ToeandCT
36 20 20 20 0.062 0.062 D ToeandDT
25B 20 20 20 0.062 0.062 D Toe or toe and DT
12 19.7 19.7 19.7 0.055 0.055 D Toe
16 19.6 19.6 19.6 0.104 0.104 D Toe or root
22 19.1 19.5 19.4 0.045 0.044 D Toe
21 (%in.) 17.9 17.9 17.9 0.037 0.037 E Toe
20 17.5 17.5 17.5 0.099 0.099 E(+I) Toe
23 18.3 E Toe
24 18.3 E Toe
30 16.7 16.7 16.7 0.051 0.051 E DT
38 16 16 16 0.058 0.058 F Toe
17A 16.2 15.8 15.8 0.051 0.051 F DT
17 14.6 14.6 14.6 0.046 0.046 F DT
18 12.2 12.8 14.5 0.107 0.148 F(+I) DT
32A 14.1 14.1 14.1 0.055 0.055 F DT
27 12.8 13.5 13.5 0.101 0.101 G
33 11.6 12.9 12.9 0.055 0.055 G Toe atCT or DT
31A 15.6 15.8 0.12 F Toe
46 11.9 G DT
40 11.2 G ToeandDT
32B 11.2 G Toe and DT

(a) The shift in AISC category resulting from restricting database information to R = 0 and~< 50 ksi test results is indicated by +1 or
-1, depending on whether the weldment was increased or decreased by one category. (b) ,continuous termination (wraparound
weld); DT, discontinuous termination (simple start or stop)

reliability of a particular structural detail could
be incorporated into the design procedure by
calculating a reliability factor (RF) that shifted the
mean curve of the S-N diagram of a detail down-

ward by an amount (Fig.5) that would guarantee
a desired level of safety (or probability of failure):

(Eq3)
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Fig. 5 The reliabilityfactor (Rrl iscalculated for the desired levelof safetygiven the scatter in the fatiguedata for the detail.
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Mean of s = 0.092

Standard deviation of s = 0.036
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Fig.6 Frequencyversus the logof the standard deviation in fatiguestrengthin ksi

A relation between the reliability factor (RF)
shown in Fig. 5 and the coefficient of variation of
the mean fatigue strength (Os)is given in Eq 4. As
suggested in the last section of this article, a typi
cal value of RFfor a weldment is 0.7:

(Eq4)

Table 3 shows that standardizing the databank
information frequently alters the mean fatigue
strength (l1S at 106 cycles) and usually reduces
the standard deviation in the log of fatigue
strength for most structural details. The effects of
standardizing the fatigue databank information
on the scatter in the fatigue data for a given detail
are plotted in the histograms of Fig. 6 and 7.
Standardizing databanks greatly reduces the
scatter in fatigue data for a given detail and con
sequently increases the allowable design stresses.
(Note: The design stress range (l1Sdesign) at a cer-

tain life (106 cycles) can be estimated from the
mean fatigue strength (l1Sweld) of a weldment at
a given life by: log l1Sdesign = log l1Sweld - 2s,
where s is the standard deviation of log l1S.

The scatter in fatigue information is increased
by grouping structural details into a small num
ber of broad categories of decreasing fatigue re
sistance. The AlSC weld category fatigue design
method (Ref 3) and other similar approaches
group the data for all strengths of steel, all R-ra
tios, and all "similar" structural detail geometries
together into a single databank for each category.
This practice of placing individual structural de
tails into such broad classifications greatly in
creases the apparent scatter in fatigue data, leads
to lower design stresses (Fig.5), and obscures the
effects of many variables that influence the fa
tigue life of weldments. The data in AlSC catego
ries A through F exhibit large scatter and force
design stresses 40%or more lower than the mean
fatigue strength; that is, this practice results in a
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R = 0, By < 50 ksi
Mean of s = 0.077

Standard deviation of s= 0.034

Fig. 7 Frequency versus the log of the standard deviation in fatigue strength in ksi

s= 394.05 x NI\-Q·t9588,

(2 = 0.230, s = 0.17375

99% survival with 50% confidence

o Failures
o Run outs

c

c
log N =7.3926 -1.1736 x log S. r =-{).3114. s =0.4253

1~ 1~ 1~ 1~

Fatigue life (N), cycles

Fig.8 Typical data for AISC category C weld details. Data taken from the University of Illinois at Urbana-Champaign weldment fatigue
databank. Data for details 7, 10 to 14, 19, and 22 to 25 are in Table 2. Tests that were discontinued before failure are termed

"runouts."

In the case of mild steel, K; can be determined
using plain plate data, assuming that the fatigue

reliability factor (RF) of around 0.4 rather than
values of 0.9 to 0.6, which reflect the essential
nature of weldments (Fig. 8) (Ref4).

Classifying Weldment Geometry on the Basis
of the Site of Fatigue Crack Initiation. As men
tioned above, eliminating the influence of secon
dary variables such as R-ratio and strength ef
fects gives a sharper picture of the true effects of
structural detail geometry. A simple way of
quantifying the severity of the critical notch in a
structural detail is to introduce the concept of the
fatigue notch factor (Kf), a nondimensional, sca
lar quantity that is defined as:

x,= Msmoolh specimen"" 1.43 (Mplain Plate]

Mweldmenl Mweldmenl
(Eq5)

notch factor for plain plate is K; = 1.43. The ex
perimental definition of the fatigue notch factor
(Kf) and the use of the mean and standard devia
tion in design are illustrated in Fig. 9.

The fatigue behavior of only the welded struc
tural details of Tables 2 and 3 are reproduced in
Table 4. The site at which the fatigue failure initi
ates in these weldments is inevitably one of four
locations: weld ripple, weld toe, weld root, or a
weld termination (Fig.10).As seen from the com
ments in Table 4, several weldments are not pure
cases of fatigue initiation and growth from either
the ripple, toe, root, or termination. These un
usual weldments will (for the most part) be elimi
nated from further consideration and termed
"mavericks." For instance, all partial penetration
welds must be considered mavericks because
their fatigue resistance depends entirely on the
size of the incomplete joint penetration (IJP), the
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Table 4 Weldeddetailsand"standardized" fatigue strengths

Mean fatigue Standard
strenelh (AS) at deviation New values Fatiguecrack

10 cycles, ofiogAS, ofAS initiation
Delails(a) Loadlng(b) ksi(e) ksl K, deslgntd) sites Comment

lOA AB 29.7 0.066 1.84 21.9 Toe (G)
25A A 29.6 0.12 1.85 17.0 Toe(F)
3 A 29.2 0.044 1.87 23.8 Ripple
13' AB 28.5 0.057 1.92 21.9 Toe Change in flange width
lOH A 25.8 0.101 2.12 16.2 Toe (G)
4 AB 25.7 0.095 2.13 16.6 Ripple
6 AB 25.7 0.095 2.13 16.6 Ripple
10M A 24.5 0.093 2.23 16.0 Toe (G)
25 A 24.5 0.08 2.23 16.9 Toe(F)
07 (B)' AB 24.4 0.11 2.24 14.7 ToeandCT Toe or termination failure
26 A 23 0.054 2.38 17.9 Toe(F)
30A' B 23 0.014 2.38 21.6 Toe and DT Pure bending
14 A 22.9 0.109 2.39 13.9 Toe
11 AB 22.1 0.08 2.47 15.3 Toe
21 AB 21.8 0.117 2.51 12.7 Toe
25B' A 20 0.062 2.73 15.0 Toe or toe and DT Toe or termination failure
36' AB 20 0.062 2.73 15.0 ToeandDT Toe or termination failure
12' AB 19.7 0.055 2.77 15.3 Toe Change in flange slope
16' A 19.6 0.104 2.79 12.1 Toe or root Partial penetration
22' AB 19.4 0.044 2.82 15.8 Toe Attachment or cruciform
21 (%in.) AB 17.9 0.037 3.05 15.1 Toe(F1
20 A 17.5 0.099 3.12 11.1 Toe (F')
30 'A 16.7 0.051 3.27 13.2 Termination
38' AB 16 0.058 3.41 12.2 Toe High restraint
17A A 15.8 0.051 3.46 12.5 Termination
17 A 14.6 0.046 3.74 11.8 Termination
18 A 14.5 0.148 3.77 7.3 Termination
32A AB 14.1 0.055 3.87 10.9 Termination
33 A 12.9 0.055 4.23 10.0 Termination

(a) Details listed with an asterisk were labeled "mavericks." (b)A, axial; B,bending; AB, deep sectionloaded under bendingbut stress
at hot-spot pseudoaxial. (c)R = 0, Sy<50. (d) Resulting from standardizing the databank

(log) Total faligue life (Nt), cycles

Designstress range

~ Termination

Polished specimen
(mean,estimated)

·...1...........

Plainplate(mean)

N, = 1,000,000 cycles

'" ........

;---------
Weldment (mean - 2s) - - - - __

Fig. 9 Definition of Kr and the role of the weldment mean
strength (liSweldmenl) and the standard deviation (s) in log

of fatigue strength in determining the design stress range permitted
for a given service life

magnitude of which is generally unknown. If the
"mavericks" are disregarded, it is evident in Ta
ble 4 that weldments initiating fatigue cracks at
weld ripple and weld toes have the lowest values
of Kf and are the welded details having the higher
fatigue strengths. All weldments failing from ter
minations are among the worst welded details

Fig. 10 Failure locations in weldments: ripple, toe, root, or
weld termination. The distinction between a wrap

around (continuous) termination and a simple termination (stop or
start) is not made in this drawing. The termination and ripple are
sites of fatigue crack initiation only when the load applied to the
weldment is longitudinal. Likewise, the root and toe become fa
tigue crack initiation sites under transverse loading.

and have the largest values of Kf and the least
fatigue strength. This weldment has been much
studied and is often used as the paradigm for the
behavior of all weldments,
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Table 5 Essentialdifferences between fatigue crack initiation sites

Fatigue crack Relevant
Initiation material
site condition

Ripple WM

Toe HAZ

Root (Tempered) WM

Termination HAZ

Notch

Weld ripple: a periodic array of small notches
on the surface of the weld bead

Weld toe: a surface notch having no defined
depth and variable notch-root radius

Weld root: a sharp notch having an unknown
and variable notch-root radius

Weld toe: as above, except it is possible or even
probable that starts will involve a lack of fusion
and that stops may involve crater cracks, pipes,
or hot cracks

Residual stresses

+51.WM: No larger than the yield strength
of weld metal

+5y 8M: No larger than the yield strength of
base metal

Unknown: Probably near zero if the fit-up is
not tight

+5y WM: Possibly as high as the yield
strength of weld metal

WM, weld metal; HAZ, heat-affected zone; 8M, base metal

Toe (F'): Load-carrying cruciform joint

- - -
Ripple: Longitudinally loaded groove weld

-dt : -----JI-

Termination (T): Fillet weld termination

Toe (F): Non-load-carrying cruciform joint

Fig 12 Examples of "good" welds addressed in this article. In-
• itiation sites at a weld ripple or a weld toe are shown.

-

Toe (0): Single-V groove welded butt joint

-

--
Ripple (R):Failure initiating from the ripple in
a weld.
Toe (G): Failure initiating from the toe of a
groove weld.
Toe (F'): Failure initiating from the toe of a
partial-penetration, load-carrying fillet weld.
This case is actually a "maverick," but it is so
important that it is included in the compari
sons below.
Termination (T): Failure initiating from the
"start" or "stop" of a fillet or groove weld.

Fig. 11 Example of "maverick" joint. The load-carrying fillet
weld is an important case. Failure may occur at either

the weld toe or weld root. Applied axial stresses favor root failures.
Applied bending stresses favor toe failures. The size of IJPcontrols
the notch severity (K,) of both the root and the toe, with the result
that this weld can be as good as a "good" weld or as bad as a ter
mination, depending entirely on the size of the I]p.

Each of the welded details of Table 4 catego
rized as a "pure" case of fatigue crack initiation
from either the weld ripple, weld toe, or weld
termination was given a designation:

The essential distinctions between the four funda
mentally different initiation sites (ripple, toe, root,
or weld termination) are summarized in Table 5
from a metallurgy and mechanics perspective. Fig
ures 11 to 13 give schematic diagrams of the weld
categories based on sites of fatigue crack initiation
and growth.

Fig. 13 "Bad" weld with initiation site at the end of a filletweld

The effect of this system of categorizing weld
ments is shown in Fig. 14 and 15. In Fig. 14 the
standard deviation of the log of strength (ksi
units) is plotted versus Kf for each of the details
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Fig. 14 Variation in the log of thestandarddeviation in fatiguestrengthin ksiwith fatigue notch factor (Kf). The uncertainty in the fatigue
strengthof terminations would seemto be generally lessthan that of the toe and ripple.

Fig. 15 AverageS-Ndiagramsforthewelded detailsinTable 2.
The averageSoNcurves for ripple (R), toe (G), and toe

(F) aresimilar. The fatiguebehavior of the "maverick" toe (F') (par
tial penetration load-carryingfillet) ranges from beingasbad asthe
terminations to asgood asthe toe (G)and toe (F)data.

Summary. Joint geometry has a large influence
on the fatigue resistance of weldments. While it is
an appealing idea to assemble the fatigue data for
weldments into a comprehensive "encyclopedia"
organized to reflect their fatigue behavior, such
efforts may be hopeless because there are just too
many different joint geometries. However, col
lecting weldment fatigue data into a limited
number of broad weld"categories" (which may
be an appealingly simple concept for designers)
increases the apparent scatter in weldment fa
tigue data and reduces the allowable design
stresses for a required level of safety. The scatter
in both the encyclopedia approach and the weld

107106

Faligue life (N), cycles
105
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-"
~
Q)
Ol
c:
l!!
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~
"Iii
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c: penetration load-'E
0 carrying fillet): ToeF' Termination: Tz

listed in Table 2. Several interesting observations
can be made: First, the scatter in fatigue strength
is inversely related to Kf. The welds having a
higher fatigue resistance exhibit more scatter,
presumably because fatigue crack initiation plays
a larger role. On the other hand, welds having the
lowest fatigue resistance have less scatter in their
fatigue data, presumably because their behavior
is governed entirely by fatigue crack growth. Sec
ond, it is obvious that weldments for which fa
tigue cracks initiate at the ripple or toe have rela
tively small values of Kf (1.8 to 2.5); whereas
terminations have very high values of Kf (3.0 to
4.5). The "maverick" load-carrying cruciform
(Fig. 11) is seen to range in behavior from as bad
as the terminations to as good as a non-load-car
rying cruciform weldment.

These observations are reinforced by the S-N
diagrams of Fig. 15. It is interesting to note that
the slopes of the S-N diagrams for the termina
tions are different from the slopes for the ripple
and toe categories. The slope of the S-N diagrams
for the terminations portrays a situation in which
there is very little, if any, contribution from crack
nucleation (NN) and early crack growth (NPl) or
atleast no crack closure. In such a case, the slope
of the S-N diagram is -lIn or -1/3 for mild
(ferritic-pearlitic) steel. The more nearly horizon
tal slope for the ripple and toe category welds
indicates a substantial crack nucleation (NN) and
early crack growth (NPl) contribution to their
total life. The slopes of S-N diagrams are an in
controvertible indication of the importance or
unimportance of crack nucleation and early crack
growth.
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Restraint

Fig. 16 Schematic diagram of a non-load-carrying cruciform
weldment subjected to axial and bending loads as well

as to global residual (mean) stresses generated by subsequent
welding fabrication (Sr.t>!. Welding residual stresses (ar)areconsid
ered to exist only in a small volume at the weld toe.

category approach inevitably obscures the effects
of the secondary but nonetheless important fa
tigue variables.

Ifweldments are classified by the site of fatigue
crack initiation, it would seem that "good" weld
ments (for which fatigue cracks initiate at the
weld toe or weld ripple) can be distinguished
from "bad" weldments (which are substantially
worse than "good" weldments for a variety of
reasons) or "mavericks" (for which the fatigue
resistance depends largely on the undefined size
of a discontinuity or is complicated by ambiguity
as to the definition of nominal stress).

Variables of Weldment Fatigue

In this section, the variables influencing the
fatigue resistance of an individual joint geometry
(a non-load-carrying cruciform weldment) are
investigated with the aid of a computer simula
tion of weldment fatigue behavior. This weld
geometry is used as an example of fatigue behav
ior of weldments where fatigue failure initiates at
a weld toe (i.e., "good" weldments). The behav
ior of "Nominal" and "Ideal" weldments, that is,
non-load-carrying cruciform weldments with
and without a 0.1 in. weld discontinuity at the
weld toe, is compared and contrasted.

The variables influencing the fatigue life of a
weld, such as a non-load-carrying cruciform
weldment (Fig. 16), are:

Applied stress amplitude: The remote axial and
bending stresses (l1SA and l1SB) at the weld
toe. The bending stresses may be applied or
residual stresses resulting from weld fabrica
tion distortions. Welding distortions may not
induce secondary bending stresses when the
applied load is pure bending.
Mean and residual stresses: Remote mean
stresses resulting from the applied load (Sm),
welding residual stress at the weld toe (O'r),
and fabrication residual stresses resulting

from subsequent remote welding (Sfab),

which add to the remote mean stresses.
Material properties: Strain-controlled fatigue
properties (Ef' O'f, b, c) determine the resis
tance to crack nucleation and early crack
growth, while the crack growth properties (C,
n) control the growth of fatigue cracks. The
residual stresses are limited (often controlled
by) the yield strength of the metal (Sy), so
yield strength of the constituent materials of
the weldment is of great importance in non
stress-relieved weldments.
Geometrical stress concentration effects: The con
centration of stress and strain at a notch such
as a weld toe magnify the effects of the ap
plied stress, the remote mean stress, and the
fabrication stresses. Thus notches reduce the
fatigue life, particularly NN and NPlo The ef
fects of the notch are captured by the fatigue
notch factor (Kf), which influences NN and
NPl, and by Mk,which is the elevation of the
range in stress-intensity factor at the weld toe.
Sizeand location ofwelding discontinuities: The
weld discontinuities, both at the notch root
and elsewhere, magnify the stress-concentrat
ing effectsof the criticalnotch and can greatly
reduce NN, NPl, and NP2. The presence of a 0.1
in. planar discontinuity at the weld toe of the
non-load-carrying cruciform weldment con
sidered here is the condition that distin
guishes the "Nominal" from the "Ideal" weld
ment.

The Role of Analytical Models. The fatigue of
weldments is a complicated topic. No two weld
ments are identical, and weldment fatigue resis
tance may depend on many variables in a com
plex, nonlinear way. The effects of the major
variables such as stress range and weld geometry
are certainly understood, and one can usually
predict what will happen if one of these major
variables is changed; however, it is difficult to
predict what will happen if these and several
secondary variables are changed at once. In such
a circumstance, the outcome may be counterin
tuitive.

Computer models can simulate the behavior of
complex weldment fatigue. Fracture mechanics
crack growth models for NP2provide the lower
bound estimates of NP2for the "Nominal" weld
ment, while the initiation-propagation (I-P)
model described below, which combines the lin
ear elastic fracture mechanics (LEFM) estimates
of NP2 (the crack propagation life of "P") with
estimates of NN and NPI (crack initiation life or
"I"), can provide estimates of the upper-bound
behavior of the "Ideal" weldment (Ref5).

(Eq6)
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Fig. 17 A schematic diagram showing the information required by and the organization of the initiation-propagation model

The I-P model is shown schematically in Fig.
17.Relevant material properties for two steels are
listed in Table 6. The I-P model predicts the total
fatigue life of a weldment (NT) by making sepa
rate estimates of the fatigue crack initiation life
(NI) and the fatigue crack propagation life (NP2)
and summing them.

The fatigue crack initiation life (NI) is thought
of as the life period spent in crack nucleation and
the growth of small cracks through (roughly) the
first 50 to 10011m of the metal, thatis,NN and Nr-i,
This life period is captured in the fatigue behav
ior of smooth specimens, and thus, strain-con
trolled fatigue life concepts are used to estimate
this life period. The severity of the notch pre
sented by the weld toe is quantified using the
Kf,max hypothesis, a concept for determining the
pessimum value of fatigue notch factor Kf using
Peterson's equation.

A second noteworthy feature of the NI part of
the I-P model is the use of the "set-up cycle"
analysis to determine the notch-root mean stress
remaining after the first few cycles. This analysis
approximates the effects of notch-root plasticity
during the first few applications of load through

Table6 Materialproperties used in estimating
weldment fatigue life

Property. symbolfunits) A36HAZ A514HAZ

Tensile properties

Ultimate strength, s, (ksi) 97 204
Yield strength, Sy (ksi) 77 171
Base metal yield strength, SyBM(ksi) 35 100
Young's modulus, E (ksi) 2.74 X104 3.03x 104
Peterson's constant, up (in.) 0.01 0.005
Monotonic strength coefficient, K (ksi) 142 306.0

Strain-controlled faligueproperties

Cyclic strength coefficient, K' (ksi) 216 256.0
Monotonic strength exponent, II 0.102 0.092
Cyclic strength exponent, II r 0.215 0.103
Cyclic ductility coefficient, €i 0.218 0.783
Cyclic strength coefficient, ai (ksi) 105 290
Cyclic strength exponent, b --{).066 --{).087
Cyclic ductility exponent c -{).492 --{).713

Crackgrowthproperties

Paris equation, C, (in./cycle) 3.6 X10-10 6.6 x 10-9
Paris equation, C', (in./cycle) 1.21 x 10-9 1.64x1lr"l
Paris equation, exponent 3.0 2.25
Fracture toughness, Kic (ksi"llfi.) 100 150

HAZ, heat-affected zone
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Fig 18 Comparisonof the predictionsof the initiation-propa-
• gation model with data in the University of Illinois at

Urbana-Champaign weldment fatigue databank for a mild steel,
non-load-carrying cruciformweldment,R= 0

the use of Neuber's rule and models the differ
ence in behavior between monotonic (first rever
sal) and cyclic (subsequent reversals) behavior of
the material at the notch root (the grain-coars
ened heat-affected zone). This phenomenon is
called the Bauschinger effect. The first reversal
includes the effects of the initial loading from 0 to
Smax, the weld toe (welding) residual stresses
(ar), and the residual fabrication stresses (Sfab). In
the "set-up cycle" simulation, the notch-root
(welding) residual stresses are treated as an
equivalent remote stress by dividing the notch
root residual stresses by Kf,max. The "set-up cy
cle" analysis provides the initial value of notch
root mean stress for the linear cumulative
damage calculation, which considers the expo
nential decay of the notch-root mean stress dur
ing subsequent cycling. Thus, NI is calculated
considering the notch-root mean stresses estab
lished during the first few cycles of load applica
tion and their relaxation during the fatigue crack
initiation period.

The calculation of NP2 is based on M<eff and
values for the effective stress-intensity ratio (U).
The Mk value in Ref 6 was used. The R-ratio is

redefined for the estimation of the Nv, The notch
root mean stresses are not considered because
they exist only in the small volume of material at
the notch root; furthermore, in most cases, the I-P
model predicts that these notch-root mean
stresses substantially diminish during the crack
initiation period. Therefore, only the applied
mean stresses and the mean stresses resulting
from subsequent fabrication (Sfab) are assumed
to influence crack growth. Crack shape develop
ment (Ref 7) is included. For "Ideal" weldments,
the initial crack size is arbitrarily taken as m= 0.01
in. The final crack size (af) was determined using
LEFMand KIc.

For the "Nominal" weldment, NI was ne
glected and NP2 was calculated assuming an in
itial flaw size ai = 0.1 in. (2.5mm).

Predicted Fatigue Life and Data Comparison.
Figures 18 to 21 show experimental data from the
University of Illinois at Urbana-Champaign
(UIUC) fatigue databank for a butt joint (No. 10)
and non-load-carrying cruciform weldments
(No. 25) for R = 0 and R =-1 test conditions. In
each figure, the predictions of the I-P model for
the "Ideal" and "Nominal" weldments are seen
to bound the experimental data. When propaga
tion dominates, the slope of the SoN curve is lin
or 1/3. When initiation dominates, the slope of
the SoNcurve is lib or around 1/8 to 1/10. Thus,
the slope of theoretical and experimental S-N
curves reflect the relative importance of "I" and
"P."

The Effect of Residual Stresses. Residual
stresses greatly influence the fatigue life of both
the "Nominal" and "Ideal" weldments, as shown
in Fig. 22. In Fig. 22, the welding residual stresses
(ar) and the fabrication stresses (Sfab) were pre
sumed to be either 0 or their largest possible
value, the yield strength of base metal (36 ksi).
Both NI and N» are much affected by fabrication
stresses. As can be seen, there is a very large
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Fig. 23 Thepredictedeffectof weldmentsizefor botha"nomi
nal" and "ideal" mild steel, non-load-carrying cruci

formweldment
Ideal, T = 0.5. as 1--------''----,
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Fig. 24 Predicted fatiguestrength of a cruciform weld model
(Fig. 16) for mild steel (5y = 36 ksi, 250 MPa) and

quenched-and-tempered (QD steel (5y = 100 ksi,690 MPa).R= 0;
Tgivenin inches. Quenched-and-tempered steels shownoadvan
tagefor all nominal types in as-welded (AW),stress-relieved (SR),
as-welded (AWl, stress-relieved (SR), andtensileoverstressed (OS)
conditions.

fatigue strength of higher strength "Ideal" weld
ments of high-strength materials can be much
improved.

The fatigue strength of a mild steel (Sy =36 ksi)
and a quenched-and-tempered steel (Sy = 100ksi)
are compared in Fig. 24. The higher strength
quenched-and-tempered steels are predicted to
perform better when the residual stresses are
small or compressive and when crack growth is
relatively unimportant, that is, as in the case of
small-thickness, "Ideal" weldments.

The Effect of Post-Weld-Processing Proce
dures. The predicted effect of various post-weld
processing procedures on the fatigue strength of
the hypothetical "Ideal" and "Nominal" mild
steel non-load carrying cruciform weldments is
shown in Fig. 25. The fatigue strength of "Ideal"
weldments can be much improved; whereas, that
of "Nominal" weldments cannot because most
improvement techniques alter the material prop
erties or residual stresses in the near-surface
(notch root) material and thus do not much affect
crack growth behavior at a depth of 0.1 in. (2.5
mm). Only the fabrication stresses and applied
mean stresses are predicted to influence much
crack growth behavior at a depth of 0.1 in.

difference between the total lives of both "Nomi
nal" and "Ideal" weldments with and without
fabrication stresses. This effect is probably a ma
jor source of the reported large difference be
tween fatigue tests using small, simple testpieces
and full-scale fatigue tests on complex welded
structures in which large fabrication stresses
(Sfab) may exist.

The effect of weldment size is a subject of
continuing controversy. The predicted effect of
size on the fatigue strength at 107 cycles is shown
for both the "Nominal" and "Ideal" weldments
in Fig. 23. The predicted behavior of the "Ideal"
weldment is similar to the current?: anticipated
size effect and has a slope of "" - Y.3. Note that
"Ideal" weldments with high fabrication stresses
may have a slope greater than -113. The 0.1 in.
discontinuity in the "Nominal" weldment leads
to essentially no size effect for weldments having
T> 1.0 in. (25mm) and a reversal in the size effect
when T < 0.7 in. (18mm) due to the large size of
the initial flaw (0.1 in.) assumed relative to the
smaller plate thicknesses considered.

The Effect of Base Metal Strength. It is gener
ally believed that the fatigue resistance of non
stress-relieved weldments is independent of its
base metal tensile strength. Steels with higher
ultimate tensile strength do exhibit a greater fa
tigue resistance in the absence of (tensile) mean
or residual stresses. Unfortunately, higher ulti
mate tensile strengthweldments also have higher
yield strengths and thus can sustain much more
damaging welding and fabrication residual
stresses. So any improvement in intrinsic fatigue
resistance resulting from increasing the strength
of a base metal is usually more than offset by the
damaging effects of tensile residual stresses,
which develop during fabrication. If one can in
duce compressive residual stresses or reduce the
size of the as-welded tensile residual stresses, the

Nominal, T = 0.5, as

Nominal. T = 2.0, as
o Mild steel
OQTsteel
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Fig 25 The predicted effect of various fatigue strength im-
• provement treatments on the fatigue strength of a mild

steel, non-load-carrying cruciform weldment. The "nominal" joint
fatigue (shaded at the lower strength levels) did not benefit from
the indicated treatments asmuch as the "ideal" joints for a similar
treatment (unshaded bars). Some improvement techniques can
cause the weldment to equal the fatigue strength of plain plate (30
ksi). Becauseof its rolled-in surface discontinuities, plain plate has
a Kr = 1.43. Source: Ref 8

Equation 7 was factored to isolate five impor
tant attributes of weldments that determine their
fatigue strength: the notch severity of the discon
tinuity (G); the mechanical properties of the ma
terial in which fatigue crack initiation and short
crack growth takes place (P); the applied mean
stresses effects (MS); the residual stresses result
ing from fabrication and subsequent use of the

fatigue data are variation in the size of the weld
discontinuity and in the magnitude of the fabri
cation stresses.

In contrast, the uncertainty in the fatigue life of
the "Ideal" weldment depends on a large number
of variables. Lawrence and Chang (Ref 8) sug
gests a simple, approximate expression based on
the Basquin-Morrow equation for the fatigue
strength of a weldment at long lives, which as
sumes that at long lives NT"" NN + NPl, that is '"
NI:

(Eq?)

Ideal

I
Idea

Ideal

Plain
plate

Ideal V

b--,Ideal

Ideal

o As-welded (AS)
o Toe ground, R =0.1 In.
o Peened after fabrication
• Profile 45° » 20°
• Stress relieved (SR)

T=2.0, R=O, S,ab=O

T = 0.5, R = -1, Stab = 36

T = 0.5, R = 0, Stab = 36

T = 0.5, R = -1, Stab = 0

T = 2.0, R = -1, Stab = 0

T = 0.5, R = 0, Stab = 0

, b
S!= (or - or) (2M)

a IT [ I+R b]
K'i.max 1+ 1 _ R (2N1)

Modeling the Uncertainty in Weldment Fa
tigue Strength. In the section "Metallic Fatigue in
Weldments" in this article, the scatter or uncer
tainty in weldment fatigue data overshadows the
effectof most of the fatigue variables discussed in
this section. While these variables may have only
a moderate effect on the mean fatigue life, they
are the source of scatter in the fatigue strength
data for a given weldment. This scatter forces low
design stresses to avoid frequent failures (as seen
in the section "Metallic Fatigue in Weldments" in
this article).

A powerful application of the analytical mod
els employed here to estimate the mean fatigue
life or strength of a given weldment is to use the
model as the basis of a stochastic analysis of
weldment fatigue life and to imagine that some
or all of the variables considered by the model are
stochastic in nature. In this way, the uncertainty
in the fatigue resistance of a weldment can be
estimated, and the contribution of each fatigue
variable to the total uncertainty in fatigue
strength of a weldment can be assessed.

The uncertainty in the fatigue life of the "Nomi
nal" weldment has been studied by Engesvik and
Moan (Ref9). For weldments with large welding
discontinuities, the major sources of scatter in

In general, there are essentially two main
strategies for improving weldment fatigue
strength: alter the residual and mean stresses or
improve the stress-concentrating geometry of the
critical notch (weld toe) or a combination of both.
As noted above, using higher-strength materials
is not effective for nonstress-relieved weldments.

The Combined Effect of Weldment Size and
Fabrication Stresses on "Nominal" and "Ideal"
Weldments. Weldments or welding applications
can be categorized according to weldment size
and weld quality as shown in Fig. 26.

Light industry applications in which the weld
ment size is about 0.5 in. or less. For such
weldments it is presumed that the weldments
are "simple" and do not therefore engender
high fabrication stresses, that is, Sfab'" O.
Heavy industry applications in which the weld
ment size is about 2.0 in. It is presumed that
the weldments are "complex" and therefore
do engender high fabrication stresses, that is,
Sfab"" +SyBM(base material yield strength).
High-quality welding processes such as GTAW
and GMAW in which the weld perfection
may approach that of the ideal weldment.
Low-quality welding processes in which the weld
perfection is low and a substantial initialweld
discontinuity must be assumed to be present.
Such weldments may approach the behavior
of the "Nominal" weldment (ai""0.1in., or 2.5
mm).
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Table 7 Estimated sources of uncertainty in weldment fatigue strength data

Data and references(a) n~ n~ n~ nb nk n~ Rp

LCCl-Load-carrying cruciform (12.7mm) (Ref 10,11) 0.000946 0.006410 0.003870 0 0.04507 0.05630 0.626
LCC2-Load-carrying cruciform (6.35mm) (Ref 10,11) 0.000947 0.010677 0.004328 0 0.02492 0.02492 0.731
NLCCI-Non-load-carrying cruciform (32 mm) (Ref 9,12) 0.001200 0.003B90 0.006250 0 0 0.01134 0.B08
NLCC2-Non-load-carrying cruciform (25 mm) (Ref 13) 0.0008B3 0.005270 0.000521 0 0 0.01136 0.80B
BI-Buttweldment (6 mm) (Ref14-16) 0.000814 0.000661 0.000811 0.001394 0 0.00365 0.886
B2-Butt weldment (20 mm) (Ref14-16) 0.000B62 0.001280 0.000941 0.024916 0 0.02BOO 0.717
Databank-Butt weldment: Single- V (Ref 17) 0.004060 0.009750 0.081110 0.001790 0 0.09671 0.545

(a) Reported by various investigators in Ref 4

(residual stresses)weldments (RS); and the self-induced stresses
caused by the welding distortions (B).Equation 7
was rewritten assuming that the weldments are
axially loaded and that the bending stress com
ponents are induced by the welding distortions
(Ref4):

MS= 1

[
1 + (2Nil (1 +R)]

(l-R)

(meanstress)

where the factors for the effects mentioned
above are as follows:

S~=P . G . B . RS . MS . (2N1)b

P=(J~ (material properties)

(Eq8) If the variables P, G, B, RS, and MS can be
considered to be normally distributed variates,
the coefficient of variation (COV) of the fatigue
strength of a weldment (Os)can be approximated
(Ref2) as:

(Eq9)

(notchseverity)
1

G=~
Kr,max

B= ( I
B J1 +x K ~max_l

K fmax

(distortion)

where the subscripts P through MS designate
the COY of the random variable representing the
effects of material properties, notch severity of
geometry, welding-distortion-induced stresses,
notch-root residual stress, and applied mean
stress, respectively.
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The estimated sources of uncertainty in weld
ment fatigue strength data reported by various
investigators (Ref 4) are tabulated in Table 7 to
gether with the reliability factor (Rp, see Eq 4). As
can be seen, the sources of the scatter in weld
ment fatigue data depend on the nature of the
joint and how it is loaded. The butt joints (BI and
B2) have very little scatter associated with their
reported fatigue data. The load-carrying cruci
form weldments (LCCI and LCC2) have enor
mous scatter, largely due to welding fabrication
distortions that induce secondary stresses during
gripping and subsequent axial loading. How
ever, the estimated scatter in the fatigue databank
data is much larger than that associated with
even the "worst" weldment for the reasons dis
cussed in the section "Metallic Fatigue in Weld
ments" in this article.

These observations are reflected in the plot
(Fig.27) of reliability factor (Rp). The values of Rp
were obtained using Eq 4. The value of Rp for an
individual weldment may be as high as 0.9and as
low as 0.7.Average values of Rp for an individual
weldmentmay be as high as 0.9 and as low as 0.7.
Average values of Rp would seem to be around
0.7. The Rp implied by the use of a fatigue da
tabank entry for a particular weld geometry (e.g.,
detaillO in Fig. 4) is estimated at 0.55.The use of
weld categories was earlier argued to lead to
values of Rp of around 0.4.

The form of Eq 9 suggests some interesting but
perhaps obvious strategies for reducing the un
certainty in the fatigue strength of an individual
weldment:

If there isonlyone large source ofuncertainty, the
uncertainty in weldment fatigue strength can
only be improved by its reduction, but the
uncertainty in weldment fatigue strength can
increase if any of the lesser sources is permit
ted to grow.
If there is nodominant source ofuncertainty, the
uncertainty in weldment fatigue strength can
only be improvedby reducing all sources uni
formly, but, as above, the uncertainty in weld-
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ment fatigue strength can increase if anyone
of the sources is permitted to grow.

Summary of Weld Fatigue Variables. The
main variables affecting weld fatigue strength
are weldment geometry, weld-distortion-in
duced bending stresses, and residual stresses.
These variables are also the main contributors to
the uncertainty in fatigue life. Analytical models
can be used to estimate the uncertainty in fatigue
strength and to identify the contribution of each
source to the overall uncertainty.
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Chapter 9

Fracture Mechanics and
Service Fitness of Welds*

IT IS GENERALLY ACCEPTED THAT all
welded structures enter service containing flaws
that can range from volumetric discontinuities,
such as porosity or slag inclusions, to planar de
fects, such as a lack of side-wall fusion or hydro
gen cracks. For this reason, most welding codes
include clauses that cover the inspection of pro
duction welds and set acceptance standards for
the discontinuities that may be found. Any flaws
that are not acceptable are repaired.

The acceptance standards included in the ma
jority of codes are based on good workmanship
practices. Although this is a very useful basis, in
some cases it can result in the repair of relatively
harmless flaws, with the possibility that the re
pair weld (often made under more demanding
conditions than the production weld) will con
tain a more serious flaw. Since the early 1980s,a
number of fracture mechanics-based assessment
procedures have been developed that enable the
significance of weld discontinuities to be as
sessed on a "fitness-for-service" basis. Using this
concept, a structure is considered to be fit for
service if it can be operated safely throughout its
design life. The adoption of fitness-for-service
concepts in several codes has resulted in the de
velopment of more rational flaw-acceptance cri
teria.

Fitness-for-service assessment procedures also
can be used to assess the integrity, or remaining
life, of components in service. Indeed, one of the
most widespread uses of fitness-for-service con-

cepts is the justification of life extension, which is
a term that has often been misunderstood. The
purpose of life-extension activities is not to con
tinue the operation of a plant beyond its useful
life but merely to ensure full utilization up to its
useful life. The idea is to avoid premature retire
ment of plants and plant components, on the
basis of the so-called design life, because actual
useful lives can often exceed the design life.

Overview of Failure Modes. Depending on the
operating environment and the nature of the ap
plied loading, a structure can fail by a number of
different modes, including:

Brittlefracture
Ductile fracture
Plastic collapse
Fatigue
Creep
Corrosion
Buckling

These failure modes can be broken down into the
following broad categories:

Fracture
Fatigue
Environmental cracking
High-temperature creep

Fracture includes the conventional static failure
modes, such as brittle fracture, ductile fracture,
plastic collapse,buckling, as well as dynamic frac-

*Adapted from the article "Fitness-far-Service Assessment of Welded Structures" by J.R. Gordon in ASM Handbook,
Vol 6, Welding, Brazing, andSoldering, 1993, p 1108-1116
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ture. Fatigue failure is caused by cyclic loading.
Environmentally assisted cracking includes corro
sion, stress-corrosion cracking, hydrogen-induced
cracking, and other environmentally assisted fail
ure modes. High-temperature creep includes creep
rupture and creep crack growth. This article dis
cusses each of these categories, as well as the bene
fits of a fitness-for-serviceapproach.

Fracture Mechanics*

Fracture mechanics techniques have been used
successfully for more than two decades to assess
the structural integrity of components containing
defects based on fracture mechanics parameters
that combine the global stress and strain in a
structure with the defect size to evaluate the in
tensity of the stress and strain field near the tip of
the defect. The parameters that are most used are
the crack tip stress intensity factor K, for linear
elastic loading (LEFM), and the J-integral, or
crack tip opening displacement (CTOD)for elas
tic-plastic loading (EPFM). With these parame-

ters it is possible to evaluate such things as failure
load, acceptable defect size or estimated life of a
component. The fracture mechanics method al
lows decisions to be made on the status of a
component containing a defect.

To apply the fracture mechanics approach it is
important to understand both the types of frac
ture behavior and the type of deformationbehav
ior of the materials. The basic roles of fracture
behavior and deformation behavior in fracture
mechanics assessment are described below. In
addition, some of the important problems in the
application of fracture mechanics to weldments
are briefly reviewed.

Fracture behavior is either brittle or ductile,
and it refers to the micromechanism of the frac
ture process. The fracture behavior determines
whether the fracture can be characterized by a
point value as with brittle fracture or needs a
fracture resistance curve, R curve, charac
terization as with ductile fracture.

Brittlefracture occurs by a cleavage process and
results in a sudden unstable event which can only

"Adapted from the article "Fundamentals of Fracture Mechanics: Problems and Progress for Weldments" by John
Landes in International Trends inWelding Science andTecllnology, ASM,1992
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Fracture Mechanics Assessment Procedures.
In summary, fracture mechanics parameters are
used depending on the particular type of defor
mation behavior. The loading paths range from
brittle fracture under nominally elastic loading
(applied stresses well below yield) to plastic col
lapse (overload of remaining ligament). In cases
where brittle fracture occurs at low applied
stresses, the concept of linear-elastic fracture me
chanics (LEFM) can be applied, that is, a stress-in
tensity factor, K, approach. At the other extreme,
when the failure mechanism is plastic overload,
then assessments should be performed using
limit load or plastic-collapse analyses.

Between these two extremes, elastic-plastic
fracture mechanics (EPFM) methods can be ap
plied to assess the integrity of structures. The two
most common EPFM fracture-characterizing pa
rameters are the crack-tip opening displacement
(CTOD) and the J-integral, J. Fitness-for-service
methodologies have been developed using both
of these parameters.

A number of different fitness-for-service as
sessment methodologies for calculating allow
able or critical flaw sizes are currently in use

be characterized by a single value of the fracture
parameter which is being used (Fig. 1). Brittle
fracture is controlled by the magnitude of the
crack tip stresses.

Ductile fracture occurs by the initiation, growth
and coalescence of voids. It is a stable process and
requires an R curve evaluation of the fracture
(Fig. 2). It does not give a single point fracture
toughness value; however, a single point on the
R curve may be chosen to characterize the entire
process. Such points as JIc can be determined
from an R curve to give a single point fracture
toughness value for ductile fracture behavior.
Ductile fracture is controlled by the crack tip
strain. All fracture begins by a ductile process
with the development of the R curve.

Papin Fracture Behavior. When the crack tip con
dition results in high enough stresses, this ductile
fracture process can be interrupted by a brittle
fracture event. Since a weldment is often very
nonhomogeneous, a brittle fracture may occur in
an isolated brittle region of the weldment, some
times called a local brittle zone (LBZ), only to be
arrested when the defect tip reaches a more duc
tile region. This behavior is referred to as popin.
For evaluation of weldments, rules to charac
terize popin fracture and crack arrest are needed
(Fig. 1).

Deformation Behavior. The proper applica
tion of the LEFM parameter K or an EPFM pa
rameter (I, or CTOD) depends on the nature of
the deformation behavior. The amount of defor
mation that a structure or specimen encounters
during the fracture process depends upon the
level of the fracture toughness, the strength of the
material and the size of the structure. This defor
mation behavior determines whether the LEFM
parameter (K) or an EPFM parameter is needed
for a fracture-mechanics evaluation.

The deformation behavior is not directly re
lated to the fracture behavior. However, all struc
tures begin their deformation under essentially
linear elastic conditions. If the fracture process is
completed under LEFM conditions, the linear
elastic parameter K can be used to characterize
the fracture whether the behavior is brittle or
ductile.

When the deformation continues beyond the
linear elastic region and significant plasticity en
sues, the linear elastic parameter can no longerbe
used and an elastic-plastic parameter is required.
These parameters Jor CTOD, are generally com
puted as a combination of a linear elastic compo
nent related to K and a plastic component. As
with the linear elastic parameter, the elastic-plas
tic parameter can be used to characterize either
brittle or ductile fracture behavior. Figure 1 illus
trates both LEFM and EPFM deformation condi
tions for brittle fracture.
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Toughness Tests for Welds

throughout the world, such as those cited in Ref
1 to 4.

Strength mismatch
Residual stress
Test specimen preparation

However, a new ASTM test standard for
toughness testing of weldments is currently un
der development. The draft (Ref 5), which still
requires additional verification before issue, will
solve many of the problems encountered in the
testing of weldments. The new draft test method
for weldments addresses only the special prob
lems that can be encountered for the weldment.
For the general part of the testing procedure and
analysis the test standards that are already in
place are used. Thus the new standard gives sup
plementary help but does not change any of the
basic procedures.

Two areas where the new draft standard gives
special help are in the preparation of the test
specimen and precracking. Three positions of the
notch tip are specified: the weld metal, the fusion
line, and the HAZ. Three orientations of the
notch tip are allowed.

One of the important areas in the preparation
of the test specimen is the fatigue precracking.
The crack path during precracking tends to be
influenced by inhomogeneity and residual
stresses. It sometimes will not propagate and
other times propagates too quickly. It seldom
follows the path that is desired. The draft stand
ard gives three suggestions for improving the
precracking procedure with the preferred one
being the application of a local compression
stress to enhance precracking. Emphasis has been
placed on getting part of the crack tip in a local
brittle zone (LBZ) of the coarse grain heat af
fected zone (CGHAZ). The draft standard also
has suggestions for a metallographic positioning
of the crack tip.

A fracture toughness test requires that the
specimen have a sharpened notch tip that has
been prepared by fatigue, usually called a fatigue
precrack. The fatigue precrack has certain re
quirements about its placement and straightness.
For a weldment test it is usually desirable to
sample a certain restricted area of the weldment;
for example, weld metal, fusion line, or HAZ. The
process of preparing a specimen which has a
fatigue precrack that is exactly in the correct place
and meets the straightness is difficult.

The mismatch in strength between the base
metal and weld metal creates a composite mate
rial which interferes with the deformation pat
tern of the test specimen. The generation of the
fracture-characterizing parameters during the
test depends upon a reproducible deformation
pattern being generated during the test. The elas-

ture toughness in weldments. These problems, as
discussed below, include:Deformation

pattemo

o
o

o

(b)

(a)

One of the difficulties in interpreting fracture
toughness values is the extensive scatter that is
often encountered. Base metals which fail by a
brittle cleavage mechanism show extensive scat
ter often as much as an order of magnitude. The
inhomogeneity of the weld metal and especially
the HAZ increases this scatter so that it may be as
much as two orders of magnitude in some cases.
As a result, the meaning of individual fracture
toughness test results is not clear. The correct
result to use in an application to a structure must
be chosen with a criterion which allows a clear
interpretation of the meaning of this scatter.

One of the things that has slowed progress in
the application of fracture mechanics to weld
ments in the U.S. is the lack of a standard test
procedure. Although it was assumed that the
general fracture toughness test methods could
apply to weldments as well as to base metals,
special problems in testing welds posed major
stumbling blocks to those trying to measure frac-

Fig. 3 Deformation patterns with strength mismatches. (a)
Spreading deformation with overmatched weld. (b)Con

centrated deformation with an undermatched weld
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Fig.4 Basicconcept of failure-assessment diagram

where Kl is the applied stress intensity for crack
under consideration subjected to the primary and
secondary loading conditions of interest; Kmal is
the material toughness (for example, KIc); a is the
applied primary stress; and apc is the plastic col
lapse stress for the component under considera
tion.

It should be noted from the above equations
that secondary stresses (for example, welding re
sidual stresses or thermal stresses) are incorpo
rated in the calculation of the Kr coordinate but
are not included in the calculation of Sr because,
by definition, secondary stresses are self-equili-

ture, or plastic collapse. As a result, most of the
widely used fracture assessment methodologies
are now based on FADs. Although the exact form
of the FADs in the different assessment proce
dures can vary, the basic concept of the FAD is
identical; that is, the y-axis (Kr axis) of a FAD
provides an indication of the resistance of the
structure to brittle fracture, whereas the x-axis (Sr
axis) assesses resistance to plastic collapse. The
failure-assessment curve interpolates between
these two limiting failure modes, as shown in
Fig. 4.

To perform a structural integrity assessment,
the user plots assessment points on the FAD. The
location of each point is a function of the applied
loading conditions, flaw size, material proper
ties, and other factors.

Although the exact procedures for calculating
assessment points can vary from procedure to
procedure, the general procedure to determine
an assessment point is as follows:

(Eq2)

(Eq 1)

1.0

Unsafe

S,_

Sale

1.01-------........

as=
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tic modulus must be compatible over the entire
specimen for the linear elastic parameter to work
and the plastic deformation must follow the cor
rect pattern for the elastic-plastic parameters to
work. The pattern of yielding is such that the
plastic deformation is confined to the uncracked
ligament behind the crack tip.

When the weld metal is overmatched in
strength, the plastic deformation pattern is
spread in a manner that is not characteristic of a
homogeneous material (Fig. 3a). When the weld
metal strength is undermatched the plastic defor
mation pattern is concentrated in an untypical
manner (Fig. 3b). For both of these cases it is
doubtful that the fracture parameters calculated
from the global loading relate to the crack tip
stress and strain fields in the same way that they
do for a homogeneous material. A value of the
fracture parameter can still be calculated for
these cases which would predict trends in frac
ture behavior, however the uniqueness of the
parameter which allows the test result to be di
rectly applied to a welded structure with a defect
may be missing.

The residual stresses that are developed dur
ing the welding procedure can have an important
impact on both the fracture toughness test and ?n
the application. The use of fracture mechamcs
relies upon the idea that the magnitude of the
crack tip stress and strain field is the primary
influence upon the fracture behavior of the struc
ture and that this crack tip field can be evaluated
from the global loading of the structure. When
residual stresses are present in the structure it is
doubtful that the crack tip field can be evaluated
from only the global loading. The residual stress
pattern will also influence this crack tip field. The
fracture parameter calculated by the usual for
mulas will not have a direct relationship to the
fracture behavior. The residual stresses must
then be known and their effect on the fracture
parameters calculated. In addition during stable
fracture the growing crack will change the resid
ual stress pattern. Even if it were evaluated be
fore the test, that pattern could not be assumed to
remain constant during the entire test. The tech
nology of evaluating the effects of residual stress
on fracture behavior is not well developed. This
problem is one of the major roadblocks to the
development of testing and evaluation method
ologies for applying fracture mechanics to weld
ments.

Failure-Assessment Diagrams

The concept of performing fitness-for-service
assessments using a failure-assessment diagram
(FAD) was first proposed in 1975. These dia
grams provide a convenient method of assessing
the risk of failure by brittle fracture, ductile frac-
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Fig. 5 Assessment proceduresto determine limiting crack size

brating and, as a result, cannot contribute to plas
tic collapse.

Although fracture assessment procedures have
improved significantly in recent years due to the
advances in fracture mechanics, there are still a
number of issues, particularly with regard to per
forming fracture assessments of welded struc
tures, that have not been fully resolved. It should
be noted that the current fracture assessment pro
cedures are generally unsafe. The unresolved is
sues tend to make current predictions conser
vative. A better understanding of these
complexities would merely make analyses of
critical conditions more accurate.

The major unresolved issues with regard to
applying fracture mechanics assessment proce
dures to welded structures are undoubtedly
weld metal mismatch and welding residual
stresses. When designing a welded structure, it is
normal practice to specify welding consumables
with a higher yield strength than the surround
ing parent material to avoid the possibility of
localized plastic straining in the weld metal. Con
versely, there are a number of materials that can
only be welded successfully with consumables
that will give rise to undermatching welds. This
is becoming more common with the increasing
use of high-heat-affected zone (HAZ), and parent
material cannot be taken into account in the cur
rently available fracture assessment models, it is
normal practice to assume the tensile properties
of the material in which the defect is located (that
is, if a crack is located in the weld metal, the
assessment is performed assuming the tensile
properties of the weld metal). In reality, the dif
ference in tensile properties between the different
weld regions will influence how plasticity devel
ops at defects and, hence, the relationship be
tween crack driving forces and applied loading.
This can lead to significant errors in a fracture
assessment.

At present, the only method of performing an
accurate fracture assessment of under or over-

t

Umiting
crack size

Sr-

Assessment locus
for increasing

crack size

matched welded joints is to perform a detailed
finite-element analysis to compute the applied
crack driving force. This level of sophistication is
clearly excessive in situations where assessments
of simple welded components are required on a
regular basis. Research is required to investigate
the effect of weld metal mismatch on the accu
racy of fracture prediction models. Results from
such research will hopefully lead to the proposal
of modifications to fracture assessment models to
account for weld metal mismatch.

Another unresolved issue, which, again, is par
ticularly relevant to welded structures, concerns
the estimation (prediction) and incorporation of
residual stresses (or secondary stresses) in frac
ture assessment models. The major problem is
that there is no quick or convenient method of
measuring or predicting the through-thickness
variation of residual stresses in a welded joint.
Consequently, in the absence of definitive meas
urements, it is common practice to assume that
residual stresses in an as-welded structure are
both tensile and yield strength in magnitude.
Moreover, it is common practice to assume that
the residual stresses are uniform across the sec
tion under consideration, despite the fact that the
assumed residual stress distribution is not self
equilibrating. This, undoubtedly, leads to ex
tremely conservative assessments, particularly
when it is considered that the residual stress com
ponents frequently playa major role in an assess
ment. The other area of concern with regard to
residual stresses is the relaxation of residual
stresses with increasing primarily load (that is,
mechanical stress relief). Although the latest ver
sion of PD 6493includes a procedure for calculat
ing the relaxation of secondary stresses with in
creasing primary load, there is concern that the
method may still overestimate the subsequent
residual stress levels.

If the assessment points lie within the area
bounded by the axes of the failure-assessment
diagram and the failure-assessment curve, then
the structure is considered to be unsafe. This ap
proach also can be used to determine the limiting
flaw size by plotting a series of assessment points
for different crack sizes. The limiting flaw size
corresponds to the flaw size that results in the
assessment locus intersecting the FAD, as shown
in Fig. 5.

When performing fracture assessments, it is
essential that the fracture-toughness values used
in the assessment are representative of the mate
rial in which the crack is located (for example,
parent material, weld metal, or heat-affected
zone). Furthermore, the fracture-toughness val
ues should be representative of the condition of
the material or the welded joints in the structure.
For example, if the material has suffered degra
dation, such as temper or hydrogen embrittle-
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ment, then tests should be performed on mate
rial/welded joints in the same condition. Finally,
to ensure conservative assessments, the fracture
toughness tests should be performed at the mini
mum operating temperature of the structure.

Application of Fracture-Assessment Proce
dures. Fitness-for-service design philosophies
can be applied to welded structures in several
different ways. The most widely used approach
is to develop relaxed flaw-acceptance criteria.
These are typically derived by assuming a mini
mum toughness level that is incorporated in a
weld procedure qualification. These relaxed
flaw-acceptance criteria can result in significant
economic savings and can accelerate construc
tion schedules through a dramatic reduction in
the number of repairs. Nevertheless, it should be
emphasized that the adoption of fitness-for-serv
ice concepts should never be used to condone
poor workmanship. The general quality of fabri
cation should remain constant, regardless of
whether fitness-for-service concepts are applied.

Fitness-for-service concepts also can be used to
develop inspection criteria, including sensitivity
requirements. These concepts also can be used to
demonstrate that flaws that may escape detection
will not impair overall structural integrity, even
under accident or overload conditions.

Fatigue Design

The fatigue life of a welded structure is almost
invariably limited by the fatigue life of the weld
details. As a result, the design stresses in welded
structures that are subjected to cyclic loading are
limited bythe fatigue strength of the weld details.
For this reason, extensive research has been un
dertaken in recent years to study the fatigue be
havior of welded joints. This has culminated in a
number of proposed methodologies to assess the
fatigue behavior of different welded joint geome
tries. The most widely used procedure for assess-

ing the fatigue performance of welded joints is
the S-N curve approach.

In general, the fatigue life of a component is
comprised of initiation and propagation phases.
For smooth components, the crack-initiation pe
riod represents the bulk of the total fatigue life.
This is particularly noticeable with high-fatigue
applications, where the fatigue crack-initiation
period may exceed 95% of the fatigue life. In the
case of machined components, once a fatigue
crack has grown to a detectable size, the compo
nent is virtually at the end of its useful life and
would normally be withdrawn from service. In
the case of welded joints, there is practically no
crack-initiation period, because ofthe presence of
weld-toe discontinuities, which behave as preex
isting cracks. As a result, the bulk of the fatigue
life of a welded joint can be attributed to fatigue
crack propagation.

The fatigue strength of unwelded components
increases with material tensile strength. In the
case of welded joints, however, the fatigue
strength is relatively unaffected by material ten
sile strength, as shown in Fig. 6. This is because
the bulk of the fatigue life of a welded joint is
spent in the propagation phase and, although
crack-propagation rates can change from one
material to another, there is no consistent trend
with regard to tensile strength. This indicates that
the improved fatigue performance produced by
increasing material tensile strength is limited pri
marily to the crack-initiation phase. As a result,
increasing the material tensile strength will not
improve the fatigue performance of welded
joints.

The potential initiation sites at which fatigue
cracks may develop in welded joints depends on
the geometry of the joint details. Nevertheless,
the most common initiation site, by far, is the
weld toe. This is a particularly severe location,
because of the geometric discontinuity that gives
rise to a local stress concentration and the possi
ble presence of undercutting and weld-toe intru-
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where IiK is the applied stress-intensity factor
range, a is the crack size,N is the number of cycles,
and C and m are constants that depend on the
material and environment.

design curves (Fig.8), the different classifications
correspond to different welded joint geometries.

Although the exact classification system can
vary from code to code, the general approach is
consistent. Most codes adopt a weld joint classifi
cation system that uses letters to denote different
classes. In the original fatigue design rules pro
posed by Gurney, the following nine weld joint
classifications were adopted: A, B, C, D, E, F, F2,
G, and W; where class A is the parent material
S-N curve obtained from uniform, machined, and
polished specimens; class W is the welded joint
S-N curve based on nominal shear stress on the
minimum weld throat area; and classes B
through G are the welded joint S-N curves for
joints of decreasing fatigue performance.

S-N curves are used in design either to deter
mine the maximum allowable cyclic stress for a
given fatigue design life or to estimate design life
for a given set of operating conditions.

Fracture-Mechanics Assessment Procedures.
As already mentioned, the majority of the fatigue
life of a welded joint is spent in the crack-propa
gation phase. Consequently, the analysis of fa
tigue cracking in welded joints is well suited to
fracture mechanics, which can be used to predict
the fatigue strength of nominally sound welds by
considering the propagation of a fatigue crack
from the inherent discontinuities that exist at the
weld toe and the weld root. Fracture mechanics
also can be used to predict the life of a joint with
a weld discontinuity. The most widely accepted
fatigue crack growth relationship is the Paris law
(Ref 15), which can be expressed as:

sions (Ref6-9). The weld-toe intrusions that form
as a result of the welding process are generally
angular in nature and protrude below the plate
surface. The precise origin of these discontinui
ties is not fully understood, although it has been
suggested that they may be caused by slag or
impurities in the steel.

Limited studies (Ref 6-9) have indicated that
the weld-toe discontinuities range in depth from
0.1 to 1.0 mm (0.004to 0.04 in.), The depth of the
weld-toe intrusions depends on a number ofvari
ables, including welding process, welding consu
mables, flux, and welding parameters. These
studies have indicated that the average root ra
dius of intrusions is from 2 to 3 11m (80 to 120
uin.), although root radii of less than 1 11m (40
uin.) have been recorded. In addition to the local
stress concentration and the presence of sharp
weld-toe discontinuities, the weld-toe region is
also subjected to tensile residual stresses that
form as a result of the thermal cycle associated
with welding. Thus, the weld toe is a location of
high local stress with preexisting crack-like dis
continuities and large tensile residual stresses,
which means that it is a prime source for fatigue
cracks.

For this reason, the fatigue performance of
welded joints is generally much lower than the
fatigue performance of unwelded components,
even if they contain stress concentrations (Fig.7).

The S-N curve approach is probably the most
widely used method of assessing the fatigue per
formance of welded structures. The fatigue de
sign rules proposed by Gurney in 1976 (Ref 10)
provide a framework to assess the fatigue behav
ior of welded joints. Based on the results of an
extensive welded joint fatigue test program, a
series of S-N curves that incorporate a wide range
of welded joint details was developed. Similar
design approaches have now been included in
many national and international codes and
standards (Ref 11-14). In a typical set of fatigue

da =C(M<)m
dN

(Eq3)
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Maddox (Ref 16) has carried out a series of
fatigue crack propagation tests on various parent
steels, weld metals, and heat-affected zone
(HAZ) microstructures. He found that there was
no significant variation in crack-propagation
rates among any of the materials tested. The up
per-bound crack-growth rate constants for fer
ritic steels operating in nonaggressive environ
ments are given by:

1 ~,
F

For structural ferritic steels operating in marine
environments up to 20°C (68 OF), the following
crack-growth constants can be used:

For design purposes, it is sometimes necessary
to estimate the limiting flaw size that will not
extend by fatigue during service. The limiting
crack size, below which fatigue crack growth will
not occur, can be calculated using fatigue-thresh
old concepts. The following threshold stress-in
tensity factor ranges have been proposed for
carbon and carbon-manganese steels operating
in air or seawater environments (Ref I, 2):

C=3.0x 10-13 andm=3.0

C = 2.3 X 10-13and m =3.0

sx; = 5.44- 6.85R MPa -.Jillfor 0::;R ::; 0.5

Ko= 63 N..Jmm for 0.5 s R

(Eq4)

(Eq5)

(Eq6)

Cycles to failure _

Fig. 8 Schematic overview of typical fatigue design rules

determine if cracks have initiated or extended
during service before they have the potential of
reaching a critical size.

After inspecting the component and sizing any
defects/cracks that are present, the operator can
determine a new maximum inspection interval
for the componentby calculating the time needed
for the current cracks to extend to a critical size.
Using this approach, an operator may specify
decreasing inspection intervals for a component
that is experiencing in-service cracking. Another
reason for specifying inspection intervals that are
considerably less than the maximum inspection
interval is that it provides the operator with an
opportunity to evaluate the validity of the assess
ment and the initial assumptions.

where R is the stress ratio (that is, minimum stress
divided by maximum stress). It should be noted
that welding residual stresses must be taken into
account when calculating the stress ratio. Using the
above expressions, it is possible to calculate the
limiting flaw size that will not extend by fatigue
during service.

Fracture mechanics-based fatigue-assessment
procedures can also be used to define inspection
criteria and, in particular, inspection intervals.
This is achieved by assuming the maximum flaw
size that may escape detection and by specifying
a critical crack size that should be detected to
avoid unnecessary damage to the structure or the
risk of failure. Using fracture mechanics-based
fatigue crack growth procedures, the user can
determine the number of cycles (or time) needed
for the crack to extend from the initial size to the
critical size.

The time for the crack to extend from its initial
size to the critical size represents the maximum
inspection interval (that is, if an inspection is not
performed during this period, the structure
could conceivably fail without any obvious
warning). To guard against premature failure, it
is normal practice to set inspection intervals that
are considerably less than the maximum inspec
tion interval. This will enable the operator to

Environmental Cracking

Environmentally assisted cracking is common
in the refining and power-generation industries
where components frequently operate in aggres
sive environments. Environmentally assisted
cracking or degradation can take many forms,
ranging from local thinning, caused by global
corrosion attack, to stress-corrosion cracking and
hydrogen-induced cracking or hydrogen blister
ing. The form of cracking or degradation de
pends on a number of factors, including the ma
terial, chemical composition and microstructure,
weld metal and HAZ properties (including hard
ness), weld geometry, level of welding residual
stresses, operating conditions, and environment.

When assessing environmentally assisted
cracking on a fitness-for-service basis, the user
must first identify the cause of cracking or dam
age and then assess the possibility of further
growth or damage, that is, whether or not the
cracking is associated with original fabrication
defects or previous operating conditions that
were more severe than current conditions. If the
possibility of further growth or damage exists,
then the user must estimate the remaining life
and either determine appropriate inspection in-
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tervals or develop an on-stream monitoring ap
proach. The basic options for treating a compo
nent that has experienced environmentally as
sisted cracking are:

Prevent further cracking or damage.
Predict remaining life using appropriate
crack-growth law and determine appropriate
inspection intervals.
Apply a leak-before-break philosophy, if ap
propriate.
Install an on-stream monitoring system to de
tect and monitor further growth.

However, before proceeding with any of these op
tions, the engineer must assess the limiting crackor
flaw size that could result in failure of the compo
nent. The limiting flaw size then should be com
pared with the cracks or flaws that have been
detected to determine the maximum allowable
crack growth.

The prevention of further crack growth can be
addressed by either changing the operating con
ditions (for example, downrating) or increasing
the resistance of the structure to further environ
mental attack through the use of protective coat
ings. One of the most important assessment pa
rameters for components operating in aggressive
environments is the threshold stress-intensity
factor to prevent further crack growth, frequently
referred to as KIscc. Assessments can be per
formed using this factor to predict acceptable
combinations of crack size and applied stress,
that is, combinations that will not give rise to
subsequent crack growth in service. This concept
also can be applied in design to ensure that origi
nal fabrication flaws will not extend in service.
Unfortunately, KIscc depends on both material
and operating conditions and appropriate values
can be difficult to obtain.

In situations where the component or structure
is subjected to cyclic loading, the fatigue thresh
old stress-intensity factor also should be consid
ered when assessing the possibility of sub
sequent crack growth. Itshould be noted that this
threshold factor is also very sensitive to environ
mental conditions.

Prediction of Remaining Life. If further crack
growth in service cannot be ruled out, then a
remaining-life assessment should be performed
using an appropriate crack-growth law, and the
appropriate inspection intervals should be deter
mined.

The first step in performing a remaining-life
assessment is to predict the limiting crack or flaw
size that could result in component failure. The
limiting flaw size is then compared with the
cracks or flaws that have been detected to deter
mine the maximum-allowable crack growth.

Depending on the material and the operating
conditions, environmental crack-growth rela
tionships can take several forms. In most cases,
the rate of crack growth is a function of the ap
plied stress-intensity factor, although there are
some forms of environmental cracking in which
the rate of crack growth is a function of time or a
combination of the applied stress-intensity factor
and time.

With this in mind, it is essential that the user
select an appropriate crack-growth relationship
for the component and the operating conditions
under consideration. This can be a difficult prob
lem, because crack-growth rates can be very sen
sitive to changes in the process environment.
Nevertheless, if it is assumed that an appropriate
crack-growth relationship is available, then the
user can calculate the number of cycles or the
time required for the existing cracks to increase to
a critical size. This information can then be used
to set inspection intervals to monitor crack
growth and enable the user to decide when to
take remedial action or withdraw the component
from service.

In situations where the component or structure
is subjected to cyclic loading, the possibility of
crack growth by corrosion fatigue also must be
considered. It should be noted that the Paris law
crack-growth constants depend on both the ma
terial and the operating environment.

Leak-Before-Break Philosophy. In some cases,
it is possible to apply a leak-before-break argu
ment in which the operator can demonstrate
that the component under consideration will
develop a leak before its overall integrity is im
paired. This can provide a convenient method of
assessing overall plant conditions, enabling op
erators to take remedial action once leaks have
been detected. However, the acceptability of a
leak is strongly dependent on the application,
that is, whether the contents of the pipe or vessel
present environmental or safety concerns. Fur
thermore, in some cases, it is not always possible
to predict the shape that a growing crack will
assume. In such cases, the crack size correspond
ing to a through-wall crack cannot be precisely
predicted.

In-service monitoring of crack growth is a fi
nal option. This approach can be used to both
monitor crack growth and assess remaining life
or to decide whether or not to repair, replace, or
retire the component under consideration.

High-Temperature Creep

Components that operate at elevated tempera
tures can fail because of excessive creep deforma
tion or cracking. Failure by cracking can be
viewed as comprising three stages: crack initia
tion, crack propagation, and final failure of the
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(Eq7)

where Kl is a constant.
For a given material, a plot of stress versus the

Larson-Miller parameter generally results in a
single curve, within limits of scatter, regardless of
the time-temperature combination employed to
derive the parameter. An example of a plot of
stress versus Larson-Miller parameter is pre
sented in Fig. 9 for 21;4Cr-1Mo steel in different
heat treat conditions.

In reality, as a component softens, the applica
ble Larson-Miller curve continuously changes in

where ti is the time spent at a given stress and
temperature and tr is the rupture life for the same
test conditions. When the damage fractions in
curred under different sets of stress-temperature
conditions add up to unity, failure is presumed to
occur. Although the life-fraction rule is valid for
temperature changes, it has been shown that it
does not apply for stress changes.

In all life-fraction calculations, the virgin mate
rial behavior (minimum or mean of the Interna
tional Standards Organization Larson-Miller
data) is used as the reference condition for calcu
lating the tr value. The Larson-Miller parameter
(LMP) provides a convenient method of assess
ing the combined effect of temperature (1') and
exposure time (t) on creep rupture performance.
The parameter takes the following form:

Thus, life extension should be viewed as an ongo
ing, rather than a one-time, activity. The various
tools and techniques available should be used in
a complementary and cost-effective way, rather
than as competing techniques.

Based on worldwide experience since the late
1980s, a three-level approach for life assessment
has evolved. In this approach, the first level util
izes simple calculation-based techniques. The
next two levels utilize nondestructive and de
structive tests. The primary focus of research has
been to reduce the uncertainties and, hence, the
conservatism in each of the levels of assessment.

Level 1: Calculation Techniques. Calcula
tional procedures are often employed to deter
mine the expended lives of components under
creep, fatigue, and creep-fatigue conditions.
Plant records and the time-temperature histories
of components are reviewed during the proce
dure. The creep or creep-fatigue life fraction con
sumed is calculated using assumed material
properties and damage rules. The most widely
applied creep-life fraction rule can be expressed
as:

(Eq 8)LMP = T(K 1 +log t)

component once the crack reaches a critical size.
Therefore, life-assessment techniques aim to
quantify uniform or localized incipient damage
prior to crack initiation, the rate at which cracks
grow, and the critical crack size that will lead to
final failure. The eventual failure of the compo
nent can occur either by leakage or rupture at the
operating temperature or by rapid brittle fracture
at lower temperatures during start-up/shut
down transients. In the latter case, the critical size
of the crack is defined by the fracture toughness
of the material. Because embrittlement phenom
ena that occur in service can reduce the tough
ness of the material, knowledge of the fracture
toughness in the service-exposed condition is
necessary.

Because the deformation and fracture behavior
of high-temperature components operating in
the creep regime are time dependent, it is normal
practice to design high-temperature components
using the concept of a design life. The design life
is usually based on a specific amount of allow
able strain or rupture in 100,000 h. A further
factor of safety is applied in selecting the stress,
which translates into an expended life of 30 to 40
years, leading to the notion of a 30- to 40-year
design life for the component. Many metallurgi
cal and operational factors can extend the actual
component life beyond the design life. Alterna
tively, if these factors are adverse, actual life can
be reduced. With this in mind, there has been
considerable research activity to develop proce
dures to assess or predict the useful remaining
life of components operating at high tempera
tures.

The first step in this assessment is to define the
failure criterion. Although complete breakage or
rupture may be the ultimate and self-evident cri
terion of failure, more conservative definitions
are invariably employed to retire a component
prior to such unforeseen and catastrophic failure.
Generally, the failure of a component can be de
fined as the inability to perform its intended
function reliably, economically, and safely.

In implementing life-assessment procedures,
the appropriate failure definition that is applica
ble to a given situation mustbe determined at the
outset. The purpose for which the assessment is
being carried out also must be considered. Deter
mining the feasibility of extending plant life may
be one objective, but a more common objective is
to set appropriate intervals for inspection, repair,
and maintenance. In this context, life-assessment
procedures are used only to ascertain that fail
ures will not occur between such intervals. It
should never be assumed that, having performed
a life-assessment study for a 20-year life exten
sion, one can then wait 20 years before conduct
ing interim monitoring. Periodic checks to ensure
the validity of the initial approach are essential.
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Fig. 9 Variation in stress-rupture strength of 21;'4Cr-1 Mo steels under different heattreatment conditions, plotted using the Larson-Miller
parameter. QT, quenched and tempered; NT, normalized and tempered; A, annealed; UTS,ultimate tensile strength.Source: Ref17

such a way that the actual cumulative damage
can be more than that calculated by using the
virgin material curve. Application of the life-frac
tion rule could be improved by taking the soften
ing reactions into account.

Although the life-fraction concept is widely
used to assess remaining life, it can promote inac
curate assessments because of errors in assumed
history, material properties, and deficiencies in
the damage rules. Unfortunately, histories of
plant operation are usually not available in suffi
cient detail. Errors as small as 14°C (25 OF) in
assumed temperature, as well as small errors in
assumed stress, can lead to errors ranging from
200 to 400% in calculated life. Uncertainties in
assumed material behavior can lead to uncertain
ties of one to two orders of magnitude in esti
mated life. Furthermore, the damage rules used
to calculate cumulative life expenditure contain
inherent deficiencies. Because of all these uncer
tainties, calculation procedures often lead to in
accurate results. These procedures are most valu
able when they are used for screening purposes,
as in determining when and at what locations
further and more detailed evaluations may be
needed. In many instances where access to non
destructive evaluation (NDE) equipment is lim
ited, they may provide the only means of estimat
ing expended life.

Level 2: Nondestructive Techniques. Conven
tional NDE methods fail to detect incipient dam
age, which can be a precursor to crack initiation
and subsequent rapid failure. Several improved
NDE techniques have recently been developed
for estimating life consumption, including strain-

monitoring techniques, microstructural tech
niques, hardness-based techniques, and oxide
scale measurement techniques.

Strain-monitoring measurements are often em
ployed to detect creep damage. Frequently,
changes in dimensions cannot be determined
with confidence, because of unknown variations
in the original dimensions. Dimensional meas
urements fail to provide indications of highly
damaging and localized creep strains, such as
those in the HAZs of welds and regions of stress
concentrations in the base metal. Cracking can
frequently occur without manifest overall strain.
Furthermore, the critical strain accumulation that
precedes fracture can vary widely with a variety
of operational material parameters and with
stress state.

Hardness-Based Technique for Creep Damage As
sessment. Hardness changes in low-alloy steels
that are due to extended high-temperature expo
sure can be used to estimate the operating tem
perature (Ref18, 19).Correlations have also been
established between tensile strength (hence,
hardness) and the Larson-Miller rupture rela
tionships for low-alloy steels. These correlations
enable selection of the appropriate Larson-Miller
plot corresponding to a given hardness level,
which can be used to calculate the remaining life.

Metal/ographic replication methods have been de
veloped that can correlate either cavitation evo
lution or changes in carbide spacings with creep
life expenditure. It has been observed that, in
many structural applications, cavitation is the
principal damage mechanism in brittle zones,
weld HAZs, and high-stress regions in the base
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Fig. 10 Creep damage classification systemproposed by Wedel and Neubauer. Source: Ref21

where t is the service lifeexpended. The remaining
life corresponding to various damage classifica
tions can be calculated to be 2.7,1.17,0.54,and 0.19

metal (Ref20). In other cases, carbide coarsening
can provide a better indication of life consump
tion.

Wedel and Neubauer characterized cavity evo
lution in steels at four stages: isolated cavities,
oriented cavities, linked cavities (microcracks),
and macrocracks (Ref 21). They formulated rec
ommendations corresponding to these four
stages, as shown in Fig. 10.

This has led to a relatively simple replication
based assessment procedure, which was pro
posed by Ellis et al. (Ref20).The damage classifi
cations have been correlated with life fractions
and, thus, a life-fraction range has been estab
lished for each class. The Wedel-Neubauer classi
fications of material condition (undamaged, and
Classes A, B, C, and D) correspond roughly to
expended-life-fraction (t/tr) values of 0.27, 0.46,
0.65,0.84, and 1, respectively, using the conserva
tive lower band curve shown in Fig. 11. Because
the expended life fraction corresponding to vari
ous damage classifications is known, the remain
ing life can be calculated using the relationship

t;
t =t--lrem t (Eq9)

t for undamaged material, isolated cavitation, ori
ented cavitation, and microcracking, respectively.
By applying a safety factor of three to the above
values, the safe reinspection intervals can be estab
lished to be 0.9, 0.4, 0.18, and 0.06 i, respectively.
This approach has been developed and applied, as
shown in Fig. 12. The figure clearly shows that
reinspection intervals are not only a function of the
current damage level, but also of elapsed service
life.

Level 3: Destructive Tests. Destructive tests
provide a direct measure of the current damage
state of the material. They are the last resort in the
assessment route, because they require the re
moval of samples from operating components.
There are limitations on the number of samples
and on the locations from which they can be
taken. Periodic assessment of the remaining life is
not possible. The costs of cutting out material,
machining samples, and conducting tests can
represent a significant expenditure. These costs
are further compounded by the plant outage dur
ing the extended period of evaluation and deci
sion making.

Destructive testing generally includes tensile,
impact, and creep/stress-rupture tests. Because
the purpose and limitations of the tensile and
impact tests are obvious, only the creep-life
evaluations are described here.

Creep Tests. The isostress rupture test proce
dure consists of conducting accelerated rupture
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tests at a temperature above the service tempera
ture. The stress is kept as close as possible to the
service stress value. The results are plotted as log
tr versus T and extrapolated linearly to the serv
ice temperature to estimate the remaining life.
Results from recent research have identified the
limitations of and possible refinements to the
techniques.

Because isostress tests are normally conducted
in air, oxidation correction factors are also impor
tant. The extrapolated remaining-life values ob
tained from the accelerated tests should be cor
rected for oxidation effects. If tests are conducted
in inert environments, then no correction factor is

needed. A further refinement to the technique
consists of using miniature specimens to mini
mize sample requirements. It has been demon
strated that miniature specimens 10 mm (0.4in.)
long by 3 mm (0.12in.) wide, which were tested
in argon, yield results that are representative of
large specimens tested in air (Ref 24,25).

Crack-Growth Studies. All of the techniques de
scribed thus far relate to life prediction from a
crack-initiation point of view. For heavy-walled
components, the initiation criteria must be com
bined with crack-growth data to perform a frac
ture mechanics analysis of remaining life.Fatigue
crack-growth analysis procedures are well estab-
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Benefits of a Fitness-for-Service
Approach

The adoption of fitness-for-service technology
in design and inspection can result in a number
of Significant advantages. The major benefit is
that the traditional weld discontinuity accep
tance criteria that are included in codes and
standards could be replaced by more rational
fitness-far-service criteria. Although a fitness
for-service approach may allow weld discontinu
ity acceptance criteria to be relaxed, it should lead

lished. However, for creep crack growth and
creep-fatigue crack growth, the methodologies
and data needed for analysis have emerged over
the last few years.

In terms of creep crack-growth charac
terization, one of the most widely used parame
ters is the Ct parameter, which takes time-de
pendent creep formation into account and
correlates much better with crack-growth rates
(da/dt) than does the traditionally used elastic
stress-intensity factor, K. The relation between
da/dt and Ct can be expressed as:

To perform a remaining-life assessment of a
component under creep crack-growth condi
tions, two principal ingredients are needed. One
is an appropriate expression for relating the driv
ing force, Ct, to the nominal stress, crack size,
material constants, and geometry of the compo
nent being analyzed. The other is a correlation
between this driving force and the crack-growth
rate in the material, which is established either on
the basis of prior data or by laboratory testing of
samples from the component. Once these two
ingredients are available, they can be combined
to derive the crack size as a function of time. The
general methodology for doing this is described
below, where Ct is assumed to be the driving
crack-tip parameter.

Ainsworth et al. have recently described a uni
fied approach for structures containing defects
(Ref 26). This approach incorporates structural
failure by rupture, incubation behavior preced
ing crack growth, and creep crack growth in a
single framework. Service life is governed by a
combination of time to rupture, time of incuba
tion, and time of crack growth. All of these quan
tities are calculated using a reference stress that is
specifically applicable to the geometry of the
component and is either derived analytically or
based on scale-model tests. If the desired service
life exceeds the calculated rupture time, then re
tirement may be necessary.

1. "Guidance on Some Methods for the Derivation of
Acceptance levels for Defects in Fusion Welded
Joints," PO 6493, British Standards Institution, 1991

2. F.M. Burdekin, "Final Reporton Questionnaire on the
Use of Fracture Mechanics Methods for the Assess
ment of the Significance of Weld Defects," Document
X-1076-84, IIW,1984

3. I. Milne, RA Ainsworth, AR Dowling, and AT.
Stewart, "Assessment of the Integrity of Structures
Containing Defects," CEGB R/H/R6, Revision 3,
May 1986

4. V. Kumar, MD. German, and C'F, Hih, "An Engi
neering Approach for Elastic Plastic Fracture Analy
sis," Report EPRl NP 1931, Research Project 1237-1,
General Electric Company, July 1981

5. Draft ASTM Test Standard for Fracture Testing of
Weldments presented by W. Reuter, ASTM
E24.06.05,meeting, Pittsburgh, PA, May 1992

6. E.J. Signes, RG. Baker, J.D. Harrison, and F.M. Bur
dekin, Factors Affecting the Fatigue Strength of
Welded High Strength Steels, Br.Weld. J., Vo114 (No.
3), 1967,P 108-116

7. S. Berge, OJ. Eide, and E.T.Moe, FatigueCrack Initia
tion in Weldments of a Carbon-Manganese Steel,
Proc. European Offshore Steels Research Seminar (Cam
bridge, U.K.), Paper 6, 1978

8. F.e. Smith and RA Smith, Defects and Crack Shape
Development in Fillet Welded Joints, Fatigue Fract.
Eng. Mater. Siruci., Vol 5 (No. 2),1982, P 151-165

9. F. Watkinson, PH. Bodger, and J.D. Harrison, The
Fatigue Strength of Welded Joints in High Strength
Steels and Methods for Its Improvement, Proc. Int.

to safer structures, because attention will be con
centrated on the more important aspects of over
all quality, namely, design and material selection.
The adoption of a fitness-for-service approach
can also lead to significant economic benefits. If
flaw-acceptance criteria can be relaxed by im
proved design and material selection, then the
incidence of repair welding can be reduced sig
nificantly. This aspect can be very important,
considering that repair costs associated with the
fabrication of a welded structure can frequently
become a significant proportion of overall con
struction costs.

Another example of the economic benefits of a
fitness-for-service approach is that repairs on a
structure in service often can be postponed to the
next scheduled outage or to a time when the cost
of an outage is low. Indeed, in some cases, it may
be possible to justify avoiding repair completely
without impairing overall structural integrity. Fi
nally, fitness-for-service assessment procedures
can be used to predict the remaining life of com
ponents that are either subjected to fatigue load
ing or to a high-temperature creep regime. In
these cases, assessment procedures can also be
used to define inspection criteria (including sen
sitivity and probability of detection), as well as
inspection intervals.
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Chapter 10

Repair Welding*
Vern Sutter, American Welding Institute

Robert J. Dybas, General Electric Company

REPAIR AND MAINTENANCE of parts and
components is a multibillion dollar industry. Re
pair welding can be carried out as a logical pro
cedure that ensures the production of a usable
and safe component or it can be approached hap
hazardly. The latter approach results in poor
quality workmanship and can lead to failed
parts, large warranty claims, and dissatisfied cus
tomers.

It is to the advantage of the individual welder,
job shop owner, end user, and others who de
pend on the weld repair industry to approach
each repair with a thorough knowledge of com
ponent history in terms of:

Component function
Material composition
Component surface or through hardness
Part originally cast, fabricated, or welded

Repair welding can fall into one of three gen
eral categories: repair of weld defects, repair of
failed parts, and repair of worn parts. This article
describes the repair of weld defects and struc
tural failures.

Requirements and repair techniques discussed
in this article apply to arc and oxyfuel welding
processes. Materials can be any that are usually
joined successfully using arc or oxyfuel welding
processes. Generally, the repair welding proce
dures will apply whether the structure is built
under code construction specifications or not.
Many construction codes require that a written
procedure be prepared prior to any repair weld-

ing. Code or contractual requirements supersede
any statements made in this article.

If the component to be repaired was originally
a welded fabrication, then data and information
on the original process are important to a success
ful repair. Ifaccessto this information is not practi
cal, then an analysis of the base material, includ
ing previous weld deposits, becomes mandatory.
If dimensions require close tolerances or if flat
ness is critical, then benchmarks that will aid the
repair without causing excessive and expensive
damage to the workpiece must be established.

Understanding the basics of each group of met
als covered in this article helps to ensure a suc
cessful repair. All references and sources of infor
mation should be exhausted before any job
commences. Excellent sources include filler-met
al manufacturers and manufacturers of bar,
plate, forgings, and castings. Either of these pro
ducers can supply key information on the weld
ability of the workpiece alloys.

Depending on the specific applicatlon.all of the
common welding processes can be used for re
pair welding:

Shielded metal arc welding (SMAW)
Gas-metal arc welding (GMAW)
Gas-tungsten arc welding (GTAW)
Submerged arc welding (SAW)
Plasma arc welding (PAW)

For the highest-quality welds, the GTAW and
PAW processes find the widest application. For
long runs or when a large amount of weld metal

*Adapted from ASM Handbook, Volume 6, Welding, Brazing, andSoldering, 1993,p 1103-1107
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must be deposited and mechanization is feasible,
the SAWprocess or, to a lesser extent, the GMAW
process, is utilized. For general repairs, the
SMAW process still enjoys the widest range of
applications for out-of-position welding and for
short runs, especially when time is critical and
when readily portable equipment is utilized.
Electrodes are easily transported in sealed 4.5 kg
(10 lb) containers.

In addition to the SMAW process, the GMAW
process has been gaining wider support and utili
zation since the introduction of the flux-cored arc
welding (FCAW) process, a core wire variation of
solid-wire welding. The cored wires are manu
factured in smaller diameters to make the wires
suitable for out-of-position welding and, espe
cially, for many field and construction applica
tions.

Preliminary Assessment

Before attempting a repair, three factors must
first be considered: material weldability, nature
of the failure that prompted the repair, and in
volvement of any code requirements.

Base Metal Weldability

If the item to be repaired was not welded pre
viously, then a special investigation may be nec
essary to determine weldability. Original docu
ments and drawings are helpful in determining
the specifications or description of the base metal.
Some tests that can determine degree of weld
ability include the spark test, chemical analysis
test, and simulated weld tests.

The spark test determines the approximate
base metal chemistry for carbon steels. Full
chemical analysis using drillings can accurately
determine chemistry, but not necessarily the heat
treatment history of the base metal. Simulated
weld tests can determine some practical ap
proaches to repair welding, but seldom give any
absolute requirements. These tests require sam
ples of some of the base metal from the workpiece
to be repaired.

Nature of Failure

When designing and producing a successful
repair, it is often necessary to assess the reasons
that a repair is required. Failures can be grouped
into four major categories:

Base-metal defects
Base-metal strength deficiencies
Failures introduced during fabrication
Defects caused by abrasion, cavitation, corro
sion, or erosion

Base-Metal Defects. During or subsequent to
fabrication, defects in the base metal may be de-

tected. Defects can include pits, stringers, slivers,
and a variety of internal discontinuities, the latter
of which may be discovered when sawing
through the base metal or subjecting the base
metal to nondestructive testing (NDT).

Base-Metal Strength Deficiencies. Weld re
pair alone may not adequately repair a structure
that has been overloaded. Reduction of load and
additional reinforcing may be necessary. The
loading and member arrangement should be
thoroughly investigated. Repair of a crack or
other structural discontinuity may involve re
pairing the crack as a weld repair and adding
reinforcing plates or members to the workpiece
by welding.

Weld Failure if Fabricated. Repair may be re
quired on weld joints that have failed structurally
or have undergone nondestructive evaluation
(NDE), but do not meet soundness criteria. In
these cases, it is usually prudent to prepare the
joint for rewelding with procedures similar to the
original welding operations.

Defects Caused by Abrasion, Cavitation, Cor
rosion, and Erosion. Buildup of the workpiece to
repair surface damage caused by abrasion, cavi
tation, corrosion, or erosion can be carried out as
a weld repair. These conditions mayor may not
be associated with an original weld. The same
weldability problems associated with structural
repairs are encountered with the defects induced
by these conditions.

Codes and Standards

Repairs may be governed by welding or con
struction standards. Some codes address repair
welding requirements as a specific subject and
others simply require welding qualification that
would apply to both new and repair welding.
Organizations such as the American Society of
Mechanical Engineers (ASME), American Weld
ing Society (AWS),American Petroleum Institute
(API), and military standards (MIL-STD) publish
their own codes. Owner or engineer approval of
repair welding procedures may be required by
contract specifications.

Welding Process Selection

When selecting a welding process for a specific
application, several factors that affect productiv
ity and weld quality must be balanced. Selection
can be difficult because each process has a num
ber of conflicting advantages and limitations in
specific situations.

Productivity is usually not an important con
sideration on most repair jobs. Each process can
be ranked in terms of its deposition rate in kilo
grams (pounds) of weld metal deposited per
hour. However, there are other factors that must
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Table 1 Rating of selected welding processes as a function of weld parameters and characteristics

Process
Parameterorcharacteristlc SMAW GTAW GMAW FCAW SAW

Weld quality Good Excellent Excellent Good Excellent
Weld deposition rate Fair Poor Good Good Excellent
Fieldwork Excellent Poor Fair Excellent Poor
Equipment maintenance Low Low Medium Medium Medium
Smoke/fume emission High Low Medium High Very low
Heat input control Excellent Poor Good Good Satisfactory
Arc visibility and filler-metal placement Good Excellent Satisfactory Satisfactory Poor
Variety of metals weldable Excellent Excellent Good Good Fair

be considered, as a minimum, before selecting a
welding process:

Base-metal type
Joint design and thickness
Welding position
Environmental conditions
Equipment availability

Base-Metal Type. Some processes are better
suited for use with certain base materials. The
maximum heat input must be limited on certain
types of materials, such as heat-treated materials
that have been quenched, tempered, and age
hardened, as well as other heat-treated or cold
worked materials. Processes that derive their ad
vantage from high productivity and high heat
input may be unsuitable for these applications.

Joint Design and Thickness. As section thick
ness increases, welding productivity becomes
more important, which should be reflected in the
process selection. The length of the weld must
also be considered, because a higher-productiv
ity process may not realize this advantage, par
ticularly if the operator must frequently stop the
process in order to set up the next pass, as would
be necessary with a small repair. Because some
processes require more access to the joint root to
avoid fusion defects, the selection of some proc
esses may also require a joint design change.

Welding Position. The weld joint position is
very important in terms of process selection, be
cause many processes are limited to only a few
positions. Whenever possible, the joint should be
in the flat (lG) position, because the highest pro
ductivity and weld quality are attained when
welding is accomplished in this position. Because
most field repair work is done on large weld
ments that cannot be repositioned and because
access to the joint is limited, the use of high-pro
ductivity processes and filler materials is also
limited.

Environmental Conditions. Wind and rain are
the two conditions that typically affect field
welding. It takes very little wind to disturb the
gas shield that is critical for high-quality GMAW
and GTAW processes. This restricts their use out-

side of sheltered containments. The SMAWand
FCAW processes can also be affected by wind,
but to a lesser degree. Because no process ever
tolerates direct exposure to rain, the proper
placement of tarps, dams, or other temporary
containments is in order.

Availability of Equipment. Most large weld
ing shops have access to the welding equipment
required for the processes discussed. However,
there are occasions when new equipment must
be evaluated to determine if its increased produc
tivity or versatility would offset the capital ex
pense of its initial cost and training.

A general comparison of the most commonly
used processes relative to some of the factors
discussed above is provided in Table 1. Although
some of the ratings are very subjective, they do
provide a general guideline for many applica
tions.

Base-Metal Preparation

Methods of preparing base metal for repair
welding may vary, depending on the specific
metal to be welded. Generally, all coatings in the
vicinity of the repair weld should be removed.
Coatings can cause defective welds and can be
come surface contaminants when heated to the
temperatures required for welding.

Where cracks are to be excavated and the part
rewelded, a welding groove should be prepared.
Most base metals can be cut or grooved using
air-carbon arc cutting (CAC-A). Table 2 shows
some parameters for carbon arc cutting, whereas
Fig. 1 shows a typical joint preparation using the
CAC technique. It should be noted that the
groove must be prepared in such a way as to
allow adequate access to the root of the joint. This
preparation is sometimes described as "canoe
shaped." Additional information on this cutting
process is provided in the article IIAir-Carbon
Arc Cutting" in Welding, Brazing, and Soldering,
Volume 6, of the ASM Handbook (p 1172-1178).

Grooves can also be prepared by grinding.
However, grinding particles left on a groove sur
face can cause problems, especially in nonferrous
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Low-Carbon Steel

Guidelines for Various Base Metals

Table 2 Recommended current range for selected
sizes of ac and de electrodes used for carbon arc
gouging and cutting in air

all welding fabrication and repair work per
formed in the world. With the greater demand
for higher-production deposition rates, continu
ous welding wire has grown in usage and appli
cation areas .

AWS specifications A5.17 ("Carbon Steel Elec
trodes and Fluxes for Submerged Arc Welding"),
A5.18 ("Carbon Steel Filler Metals for Gas
Shielded Arc Welding"), and A5.20 ("Carbon
Steel Electrodes for Flux-Cored Arc Welding")
have gained wide support for automatic, semi
automatic, and mechanized welding processes.

Electrodes that are not suitably protected nor
kept dry in an electrode storage oven can absorb
moisture, which is released as hydrogen gas dur
ing the welding process. This hydrogen gas is
entrapped in the solidifying weld metal, result
ing in inunediate or delayed cracking and expen
sive repairs. When abrasion, friction, or sliding
wear is the reason for equipment downtime,
either AWS specification A5.13 ("Solid Surfacing
Welding Rods and Electrodes") or A5.21 ("Com
posite Surfacing Welding Rods and Electrodes")
is the first choice in the selection process to de
posit and build up a resistant surface capable of
withstanding the original wear phenomena in
the most severe working environment. In addi
tion, there are numerous electrodes of proprie
tary composition on the market that perform sat
isfactorily in service. These electrodes require
evaluation and testing before being used.

Base-metal preparation usually consists of re
moving paint, mill scale, rust, or grease, because
they contribute to porous welds. When making
field repairs, especially in high-humidity areas, it
is always a good practice to apply a preheat in the
range from 120 to 150°C (250 to 300 OF). Postweld
heat treatment, though normally not required on
mild steels, is sometimes used to ensure dimen-

Fig. 1 Use of air-carbon arc cutting to produce a groove in a
plate. Electrode hold er is equipped with a jet of com

pressedair in line with the electrode to blow away the molten metal.
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The most commonly welded group of materi
als is that which has a carbon-manganese-iron
base and is known as mild, or low-carbon, steel.
They constitute the bulk of construction mate
rial s used today and are the common choice for
equipment and fabricated component assem
blies, because of their weldability.

Mild steels (up to 0.25% C) are readily weldable
and, in cross sections of less than 50 mm (2 in.),
usually do not require any preheat or postweld
heat treatment. Hardened heat-affected zones
(HAZ) are not a problem, and cracking is nonex
istent when electrodes are used from fresh con
tainers or electrode storage ovens and are dry.
AWS specification A5.1, "Carbon Steel Elec
trodes for Shielded Metal Arc Welding," covers
the filler metals of choice for greater than 50% of

materials. The proper grinding wheel s must be
carefully selected. Carbon arc cutting usually
leaves some undesirable by-product on the cut
surfaces. A grinding operation following CAC is
necessary to remove this layer.

Each group of base metals has specific general
repair guidelines that must be followed to ensure
successful weld repairs of both ferrous (carbon
steels, cast irons, and stainless steels) and nonfer
rous (for example, titanium) base metals.



sional stability where close, flat tolerances are
required.

Medium-Carbon Steels

Steels containing from 0.25 to 0.60%C and 0.25
to 1.65% Mn are classified as medium-carbon
steels. Based on their base-metal mechanical
properties, the electrodes in AWS specification
A5.1 usually suffice in most applications.

The use of preheat, interpass temperature, and
postweld heat treatment is always required to
ensure fusion of the base metal and the weld
metal, to prevent distortion, and to ensure di
mensional stability of the finished product. De
pending on chemical composition, the preheat
temperature ranges from 120to 205°C (250to 400
OF). Postweld heat treatment for this group of
materials ranges from 595 to 620°C ± 14°C (1100
to 1150 OF ± 25 OF). The AWS electrode specifica
tions listed for mild steels are suitable for repair
ing medium-carbon steels.

High-Carbon Steels

High-carbon steels have a carbon content rang
ing from 0.60 to 1.00% C. These metals require
preheats in the range from 205 to 260°C (400 to
500 OF), interpass temperatures from 205 to 290
°C (400 to 550 OF), and postweld heat treatments
from 620 to 650°C (1150 to 1200 OF).

Because of the higher carbon content of these
steels, greater care must be exercised when weld
ing and during subsequent heat treatment. The
HAZ has a higher hardness and cooling must be
controlled to preclude any chilling effects that
could result in fusion line cracking.

For steels in the annealed or normalized condi
tion, the welding electrodes listed for mild steels
will suffice, based on mechanical properties. In
the heat-treated condition (that is, higher
strength levels), the repair may require stronger
filler metal as provided by AWS specifications
A5.5 ("Low Alloy Steel Covered Arc Welding
Electrodes"), A5.23 ("Low Alloy Steel Electrodes
and Fluxes for Submerged Arc Welding"), A5.28
("Low Alloy Steel Filler Metals for Gas-Shielded
Arc Welding"), and A5.29 ("Low Alloy Steel
Electrodes for Flux Cored Arc Welding").

Cast Irons

Cast irons are a family of high-carbon iron-base
alloys containing from 2 to 4% C, 0.50 to 2% Si,
and varying amounts of added manganese and
chromium strengtheners, in addition to other ele
ments that control graphite formation.

The most common members of this family are
the gray cast irons (flake graphite) described in
ASTM specification A 48. They are primarily
carbon-manganese-silicon in content and no
other elements are deliberately added. These ma
terials have tensile strengths ranging from 140 to
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415 MPa (20 to 60 ksi) with nil yield ductility and
elongations less than 0.5%. Because of this char
acteristic, they are most difficult to weld and
usually suffer from fusion line cracking, because
of the presence of carbides formed by the flake
graphite. If the broken area (cracked zone) can be
placed in compression, then the chance of a suc
cessful repair is significantly improved.

Ductile cast irons, clearly identified by the pres
ence of nodular graphite in their microstructure,
are sometimes called nodular irons or spheroi
dal-graphite cast irons. ASTM A 536 grades 60
40-18 through 120-90-02 (designations indicate
tensile strength in units of ksi, yield strength in
ksi, and elongation in percent, respectively) have
better ductility, which makes them more readily
weldable by the higher-strength filler metals.

Malleable irons, described in specification
ASTM A 47 (ferritic malleable iron castings), A
220 (pearlitic malleable irons), and A 602 (auto
motive malleable iron castings), are generally
weldable and do not suffer the same problems
that gray irons have.

The welding processes suitable for repair work
are identified in AWS specification D11.2
("Guide for Welding Iron Castings"):

Shielded metal arc welding
Gas-metal arc welding
Flux-cored arc welding
Gas-tungsten arc welding
Submerged arc welding

The gas processes used for the repair of iron
castings are oxyfuel welding (OFW) and braze
welding, which utilizes specific filler metals of
AWS specification A5.8 ("Filler Metals for Braz
ing"). The group of welding electrodes used for
the arc welding of cast irons is described in AWS
specification A5.15 ("Welding Electrodes and
Rods for Cast Iron").

Stainless Steels

Stainless steel is a generic term encompassing
three distinct families of iron-base alloys:

Austenitic stainless steels
Ferritic stainless steels
Martensitic stainless steels

The rules for the repair welding of stainless
steels will vary with the composition and physi
cal characteristics of the material.

Austenitic stainless steels can be welded by
the SMAW process, using electrodes listed in
AWS specification A5.4 ("Stainless Steel Elec
trodes for Shielded Metal Arc Welding"). The
GMAW, GTAW, FCAW, SAW, and PAW proc
esses use electrodes listed in AWS specification
A5.9 ("Bare Stainless Steel Welding Electrodes
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Table 3 Electrodes or welding rods as filler metals for use in arc welding of stainless steels

Type ofsteel welded

Condition
ofweldment
for servlcela)

Electrode
or welding rod(b) Typeofsteelwelded

Condition
ofweldment
for servicefa)

Electrode
or welding rod(b)

Austenitic steels Martensiticsteels

405Cb,430
308,309,310
308,309,312

430
446

308,309,310

410
308,309,310
308,309,312

420
410

308,309,310

2
1
1
2
2
1

2or3
1
1

20r3
20r3

1

Ferritic steels

405(n)
405,430(k)
430F,430FSe(k)
430,430F, 430FSe(0)
446
446(p)

403,41O,416,416SeO)
403,41O(k)
416,4165e(k)
420(1)
431(1)
431(m)

308lor2301,302,304,305,
308(c)

302B(d) 1 309
304L 1 or 4 347,308L
303,303Se(e) lor2 312
309, 3095 1 309
31O,31OS 1 310
316(£) lor2 316
316L(£) lor4 318,316L
317(£) 1 or 2 317
317L(£) lor4 317Cb
318,316Cb(£) 1 or 5 318
321(g) 1 or 5 347
347(h) 1 or 5 347
348(1) 1 or 5 347
(a) 1, as welded; 2, annealed; 3,hardened and stress relieved; 4, stress relieved; 5, stabilized and stress relieved. (b) Prefix E or ERomit
ted. (c)Type 308weld metal is also referred to as 18-8and 19-9composition. Actualweld analysis requirements are: 0.08%C max, 19.0%
Cr min, and 9.0% Ni min. (d) Type 310 (1.50%Si max) may be used as filler metal, but the pickup of silicon from the base metal may
result in weldhotcracking. (e)Free-machiningbase metal will increase the probability of hot cracking of the weld metal. Type 312filler
metal provides weld deposits that contain a large amount of ferrite to preventhot cracking. (£) Welds made with types 316,316L, 317,
and 317Cb electrodes or welding rods may occasionally display poor corrosion resistance in the as-welded condition. In such cases,
corrosion resistance of the weld metal may be restored by the following heat treatments: for types 316 and 317base metal, full anneal
at 1065 to 1120°C (1950 to 2050 oF);for types 316Land 317Lbase metal, 870 OC (1600oF)stress relief; for type 518base metal, 870 to 900
°C (1600 to 1650 oF)stabilizing treatment. Where poslweld heat treatment is not possible, other filler metals may be specially selected
to meet the requirements of the application for corrosion resistance. (g) Type 321 covered electrodes are not regularly manufactured,
because titanium is not readily recovered during deposition. (h) Caution is needed in welding thick sections, because of erackingprob
lems in HAZ. (i) In base metal and weld metal, for nuclear service, tantalum is restricted to 0.10%max and cobalt to 0.20%max. (j)An
nealing softens and imparts ductility to HAZ and weld. Weld metal responds to heat treatment in a manner similar to the base metal.
(k) These austenitic weld metals are soft and ductile in as-welded condition, but the HAZ will have limited ductility. (I) Requires care
ful preheatingand postweldheat treatment to avoid cracking. (m) Requires carefulpreheating. Service in as-welded conditionrequires
consideration of hardened HAZ. (n) Annealing increases ductility of HAZ and weld metal. Type 405 weld metal contains niobium,
rather than aluminum, to reduce hardening. (0)Annealing is employed to increase ductility of the welded joint. (p) Type 308fillermetal
will not display scalingresistance equal to that of the base metal. Consideration must be given to differences in the coefficients of ther
mal expansion of the base metal and the weld metal. Source: Ref 1

and Welding Rods"). SAWprocess fluxes of pro
prietary composition are available from manu
facturers.

Austenitic stainless steels are usually not pre
heated and are readily weldable, but they must
be clean and free from contamination to ensure
weld-metal quality. The free-machining sul
furized grades and those containing selenium or
phosphorus are generally not weldable. The
titanium or niobium-pIus-tantalum stabilized
grades of types 318, 321, 347, and 348 have al
tered chemistries to prevent intergranular pre
cipitation upon heating to a temperature-sensi
tizing range, such as occurs in welding. The
selection of a suitable electrode is critical, and the
steel manufacturer or electrode manufacturer
should be consulted for the latest technology.
Because of their lower thermal conductivity and
higher electrical resistivity, stainless steel welds
require from 20 to 30%less heat input to prevent
weld cracking, loss of corrosion resistance, warp
ing, and undesirable changes in mechanical
properties.

The GMAW and GTAW processes use argon
gas for a cool, stable arc and helium for a hotter,
deeper-penetrating, but somewhat unstable arc.
Table 3 lists various combinations of base metal
and filler metal that are suitable for a variety of
service conditions. This table is an excellent start
ing point for any repair.

Ferritic stainless steels (types 446, 430, 405,
and 409) are generally less weldable than the
austenitic grades. Preheat temperatures ranging
from 150to 230°C (300to 450 OF) are necessary to
prevent weld cracking, warping, and other seri
ous repair problems. Postweld heat treatment
ranging from 790 to 815°C (1450 to 1500 OF) is
necessary to transform a mixed structure to a
wholly ferritic structure and to restore the me
chanical properties and corrosion resistance that
were seriously affected by the heat of welding.
The filler metals in Table 3 apply to these grades
of stainless steels, as well.

Martensitic stainless steels (types 403, 410,
414,420, and the 440 series) are weldable with
adequate preheat and interpass temperature con-
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Table 4 Recommended fillermetals for welding precipitation-hardeningstainlesssteels

Type

Martensitic

UNS
designation Covered electrodes Bare welding wire Dissimilar PH stainless steels

17-4PH
15-5PH

Semiaustenitic

517400 AM55827B (17-4PH) or E308
515500 AMS 5827B(17-4PH) or E308

AM55826 (17-4PH) or ER308 E309 or ER309,E309Cb or ER309Cb
AM55826 (17-4PH) or ER308 E309or ER309,E309Cb or ER309Cb

17-7PH
PH 15-7Mo
AM350
AM355

Source: Ref 2

517700 AM55827B (17-4PH), E308,or E309 AM5 5824A (17-7PH)
515700 E308orE309 AM55812C(PH15-7Mo)
535000 AM55775A (AM350) AM5 5774B(AM 350)
535500 AM5 5781A (AM355) AMS5780A (AM 355)

E310or ER310,ENiCrFe-2,or ERNiCr-3
E309or ER309,E310or ER310
E308or ER308,E309or ER309
E308 or ER308,E309or ER309

trol ranging from 205 to 315°C (400to 600 OF). To
restore mechanical properties and reduce the
hardened HAZ, a postweld heat treatment rang
ing from 650 to 675°C (1200 to 1250 OF) is com
monly used to restore properties and reduce in
ternal welding stresses. Austenitic electrodes are
used for minor repairs or when properties are not
the prime consideration (see Table 3).

Precipitation-hardening stainless steels are
divided into three groups on the dual basis of
characteristic alloying additions, particularly the
elements added to promote precipitation harden
ing (PH), and the matrix structures of the steels in
the solution-annealed and aged condition. Dif
ferences among the steels have a direct bearing
on the behavior of the steels in welding.

Martensitic Precipitation-Hardening Steels. These
steels have a predominantly austenitic structure
at the solution-annealing temperature of ap
proximately 1040to 1065°C (1900to 1950OF), but
they undergo an austenite-to-martensite trans
formation when cooled to room temperature.
These steels can be readily welded. The welding
procedures resemble those ordinarily used for
the 300-series stainless steels, despite differences
in composition and structure between the two
classes.

The selection of filler metal depends on the
properties required for the welded joint (Table4).
If strength comparable to that of the base metal is
not required at the welded joint, then a tough
300-series stainless steel filler metal may be ade
quate. When a weld having mechanical proper
ties comparable to those of the hardened base
metal is desired, the filler metal must be of com
parable composition, although slight modifica
tions are permissible to obtain better weldability.

Semiaustenitic Precipitation-Hardening Steels. Un
like martensitic PH steels, semiaustenitic PH
steels are soft enough in the annealed condition
to permit cold working. When cooled rapidly
from the annealing temperature to room tem
perature, they retain their austenitic structure,

which displays good toughness and ductility in
cold-forming operations.

The semiaustenitic PH steels are normally
welded in the annealed condition. The tough
austenitic structure imparts welding charac
teristics similar to those of 300-series stainless
steels. The semiaustenitic PH steels are not sus
ceptible to cracking when welded after transfor
mation to martensite, because the low-carbon
martensite developed is not of high hardness or
low ductility. Also, cold cracking does not occur
in the base metal adjacent to the weld because the
HAZ is austenitized during welding and remains
substantially austenitic as the joint cools to room
temperature.

The choice of filler metal depends largely on
the weld properties desired. The filler metal can
be an alloy of precipitation-hardening composi
tion that is capable of developing mechanical
properties comparable to those of the base metal
(Table4).Ifhigh strength is not required, then the
filler metal can be a 300-series austenitic stainless
steel. When these steels are welded in the an
nealed condition, certain microstructural rela
tions are generally obtained as a result of rela
tively rapid heating and cooling at the joint:

Weld metal contains small amounts of ferrite
in an essentially austenitic matrix; hardness is
approximately 90 HRB.
Base metal immediately adjacent to the weld
displays high-temperature annealed (austeni
tic) structure; hardness is approximately 90
HRB.
Basemetal in the narrow zone just beyond the
annealed zone next to the weld is hardened
slightly; hardness is approximately 90 to 98
HRB.

Austenitic Precipitation-Hardened Steels. The al
loy content of these steels is high enough to main
tain an austenitic structure after annealing and
after any aging or hardening treatment. Al
though the austenitic PH steels remain austenitic
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Table 5 Composition of welding consumables for precipitation-hardening stainless steels
All data are maximum percentages.

AWS classification C Cr Ni Mo
Composition, %

Nb+Ta Mn Si p s Cu

E630(a),
ER630(b)

0.05 16.0-16.75 4.5-5.0 0.75 0.15-0.30 0.25-0.75 0.75 0.04 0.03 3.25-4.00

(a) Undiluted weld metal composition. (b) Consumable composition. Source: AWS A5.4, AS.9

during all phases of forming, welding, and heat
treatment, some contain alloying elements (for
precipitation-hardening purposes) that greatly
affect behavior in welding.

The austenitic PH stainless steels can be
welded using the arc welding techniques applied
when welding the austenitic stainless steels. The
major difference is that these steels are usually
heat treated after welding to achieve the required
mechanical properties, which is usually unneces
sary with austenitic PH stainless steels. Austeni
tic PH stainless steels can be welded with
matched or dissimilar filler metals or without
filler metals, as in the case ofmost stainless steels.
There is a wide variety of hardenable filler metals
available for these PH grades through the manu
facturer of consumables. The most commonly
used grade is the AWS A5.4 Class E630/AWS
A5.9 Class ER630 alloy, the only one currently
included in the AWS specifications. Its composi
tion is shown in Table 5.

Duplex Stainless Steels (Ref 3-5), The physi
cal and mechanical properties of duplex (ferritic
austenitic) stainless steels affect the welding
process. Because of their better stress-corrosion
cracking resistance and appreciably higher yield
and tensile strengths, these steels are currently
used as direct substitutes for austenitic stainless
steels when service above about 260 to 315 DC
(500 to 600 OF) is not required.

Because duplex stainless steels generally have
a higher thermal conductivity and a lower coeffi
cient of thermal expansion than austenitic stain
less steels, they generally exhibit less distortion
during welding than do austenitic stainless
steels.

The general welding characteristics of the du
plex alloy steels are very similar to those of
austenitic stainless steels. They can be welded by
any of the conventional arc welding processes
(SMAW, GTAW, GMAW, PAW, and SAW).
In addition, electron-beam and laser-beam
welding are used, as well as resistance welding.
Heat input should be low enough to minimize
intergranular carbide precipitation. Surface
cleanliness is a must when welding duplex stain
less steels. It is necessary to eliminate any source
of hydrogen in the welding operation. For the

gas-shielded processes, particularly on pipe, ar
gon-helium purge gas should be used.

Filler metal selection is critical. A filler metal
with matching composition may result in a
higher ferrite content than that of the base metal.
Gooch (Ref 4) and others have shown that filler
metals of duplex stainless steel with higher nickel
and/or nitrogen are preferred. Weld metal crack
ing in duplex steels has rarely been identified.
Because extensive austenite-to-ferrite and ferrite
to-austenite transformations occur in the HAZ,
along with grain growth, the welding procedure
must be carefully controlled. The extent of the
above transformations greatly depends on the
composition and the precise weld thermal cycle
experienced by the HAZ during welding. Be
cause of their high chromium level, these steels
are prone to a phase and 475°C (885OF) embrit
tlement. Though the weld thermal cycle is too
short for a-phase formation of 475°C (885 OF)
embrittlement to occur, care must be exercised in
welding heavy-section steels of this type.

Titanium

Titanium is a reactive metal that requires spe
cial considerations before and during the weld
ing cycle. The metal must be cleaned at least 50
mm (2 in.) beyond any gas shield. Abrasive blast
ing is an acceptable cleaning method. Chlorin
ated solvents (for example, trichloroethylene),
should not be used for degreasing titanium alloys
because the chlorine residues can result in inter
granular cracking during subsequent heating op
erations.

Titanium alloys are most successfully welded
in sealed chambers, although welding in air can
be accomplished with a suitable trailing gas
shield. Argon gas is the preferred gas for welding
and is also used for welding in argon atmosphere
chambers to protect the molten metal from oxida
tion.

The most commonly used process for repairing
titanium components is GTAW, using AWS
specification A5.12 Class EWTh2 and EWThI
tungsten electrodes. Helium and argon-helium
gas mixtures are also used when higher heat in
puts are necessary for deeper penetration and
when welding thicker sections. The GMAW



process is also effectively applied on thicker parts
(6.35 mm, or 0.25 in.) and large parts or when
significant amounts of weld metal is to be depos
ited. Thirteen filler metals of pure and alloyed
titanium are classified in AWS specification
A5.16 ("Titanium and Titanium Alloy Welding
Electrodes and Rods").

All grades of unalloyed titanium are welded in
the annealed condition because annealing offsets
the effect of cold working with its attendant loss
of strength. Metastable beta alloys are welded in
the annealed or solution-treated condition,
where the welds are low in strength, but ductile.
To obtain full strength, the weld is cold worked
by peening or planishing and the weldment is
solution treated and aged.
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Chapter 11

Corrosion of Weldments*
A. Wahid, D.L. Olson, and O.K. Matlock, Colorado School of Mines

C.E. Cross, Martin Marietta Astronautics Group

WELDMENTS exhibit special microstructural
features that need to be recognized and under
stood in order to predict acceptable corrosion
service life of welded structures (Ref I, 2). This
article describes some of the general charac
teristics associated with the corrosion of weld
ments. The role of macrocompositional and mi
crocompositional variations, a feature common
to weldments, is emphasized in this article to
bring out differences that need to be realized in
comparing corrosion of weldments to that of
wrought materials.

Weldments inherently possess compositional
and microstructural heterogeneities, which can
be classified by dimensional scale. On the largest
scale, a weldment consists of a transition from
wrought base metal through a heat-affected zone
and into solidified weld metal and includes five
microstructurally distinct regions normally iden
tified (Ref 3) as the fusion zone, the unmixed
region, the partially melted region, the heat-af
fected zone, and the base metal. This microstruc
tural transition is illustrated in Fig. 1. The un
mixed region is part of the fusion zone, and the
partially melted region is part of the heat-affected
zone, as described below. Not all five zones are
present in any given weldment. For example,
autogenous (that is, no filler metal) welds do not
have an unmixed zone.

The fusion zone is the result of melting which
fuses the base metal and filler metal to produce a
zone with a composition that is most often differ
ent from that of the base metal. This composi
tional difference produces a galvanic couple,
which can influence the corrosion process in the

vicinity of the weld. This dissimilar-metal couple
can produce macroscopic galvanic corrosion.

The fusion zone itself offers a microscopic gal
vanic effect due to microstructural segregation
resulting from solidification (Ref 4). The fusion
zone also has a thin region adjacent to the fusion
line, known as the unmixed (chilled) region,
where the base metal is melted and then quickly
solidified to produce a composition similar to the
base metal (Ref 5). For example, when type 304
stainless steel is welded using a filler metal with
high chromium-nickel content, steep concentra
tion gradients of chromium and nickel are found
in the fusion zone, whereas the unmixed zone has
a composition similar to the base metal (Fig.2).

Heat-Affected Zone. Every position in the
heat-affected zone relative to the fusion line expe
riences a unique thermal experience during
welding, in terms of both maximum temperature
and cooling rate. Thus, each position has its own
microstructural features and corrosion suscepti
bility.

The partially melted region is usually one or
two grains into the heat-affected zone relative to
the fusion line. It is characterized by grainbound
ary liquation, which may result in liquation
cracking. These cracks, which are found in the
grain boundaries one or two grains below the
fusion line, have been identified as potential in
itiation sites for hydrogen-promoted underbead
cracking in high-strength steel.

Microstructural Gradients. On a fine scale, mi
crostructural gradients exist within the heat-af
fected zone due to different time-temperature cy
cles experienced by each element of material.

*Reprinted fromASM Handbook, Volume 6, Welding, Brazing, andSoldering, 1993,p 1065-1069
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Gradients on a similar scale exist within solidi
fied multi-pass weld metal due to bead-to-bead
variations in thermal experience. Compositional
gradients on the scale of a few microns, referred
to as microsegregation, exist within individual
weld beads due to segregation of major and trace
elements during solidification (Ref4).

Weldments can experience all the classical
forms of corrosion, but they are particularly sus
ceptible to those affected by variations in micro
structure and composition. Specifically, galvanic
corrosion, pitting, stress corrosion, intergranular
corrosion, and hydrogen cracking must be con
sidered when designing welded structures.

Galvanic Couples. Although some alloys can
be autogenously welded, filler metals are more
commonly used. The use of filler metals with
compositions different from the base material
may produce an electrochemical potential differ
ence that makes some regions of the weldment
more active. For example, Fig. 3 depicts weld
metal deposits that have different corrosion be
havior from the base metal in three aluminum
alloys (Ref6).

For the majority of aluminum alloys, the weld
metal and the heat-affected zone become more
noble relative to the base metal, as demonstrated
in Fig. 3(a) and (b) for a saltwater environment
(Ref6). Certain aluminum alloys, however, form
narrow anodic regions in the heat-affected zone
and are prone to localized attack. Alloys 7005and
7039 are particularly susceptible to this problem
(Fig.3c).

There are a number of other common weld
deposit/base metal combinations that are known
to form galvanic couples. It is common practice to
use austenitic stainless steel welding consu
mables for field repair of heavy machinery, par
ticularly those fabricated from high-strength
low-alloy steel. This practice leaves a cathodic
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Fig. 4 Depleted regions adjacent to precipitates. These regions
cause an electrochemical potential (E) difference that

can promote localized corrosion at the microstructural level.
Fig. 5 Intergranular corrosion (weld decay) of stainless steel

weldments. FZ, fusion zone
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stainless steel weld deposit in electrical contact
with the steel. In the presence of corrosive envi
ronments, hydrogen is generated at the austenitic
weld metal cathode, which is capable of main
taining a high hydrogen content without crack
ing. However, the cathodic behavior of the
austenitic weld deposit may increase the suscep
tibility for stress-corrosion cracking in the heat
affected zone of the high-strength steel. A 40%
thermal expansion mismatch between the
austenitic stainless steel and ferritic base metal
produces a significant residual stress field in the
weldment; this residual stress field also contrib
utes to cracking susceptibility. A similar, but
more localized, behavior may explain the corre
lation between stress-corrosion cracking suscep
tibility and the presence of retained austenite in
high-strength steel weld deposits.

Another common dissimilar metal combina
tion involves the use of high-nickel alloys for
weld repair of cast iron. Fe-55Ni welding elec
trodes are used to make weld deposits that can
hold in solid solution many of the alloying ele
ments common to cast iron. Furthermore, weld
deposits made with Fe-55Ni welding consu
mables have an acceptable thermal expansion
match to the cast iron. Because cast iron is anodic
to the high-nickel weld deposit, corrosive attack
occurs in the cast iron adjacent to the weld de
posit. It is suggested that cast iron welds made
with high-nickel deposits be coated (painted) to
reduce the susceptibility to selective corrosion
attack.

Plain carbon steel weldments can also exhibit
galvanic attack. For example, the E6013welding
electrode is known to be highly anodic to A285
base metal in a seawater environment (Ref 7). It
is important to select a suitable filler metal when
an application involves a harsh environment.

Weld Decay of Stainless Steel. During weld
ing of stainless steels, local sensitized zones (i.e.,

regions susceptible to corrosion) often develop.
Sensitization is due to the formation of chromium
carbide along grain boundaries, resulting in de
pletion of chromium in the region adjacent to the
grain boundary (Ref8-14).This chromium deple
tion produces very localized galvanic cells (Fig.
4). If this depletion drops the chromium content
below the necessary 12 wt% that is required to
maintain a protective passive film, the region will
become sensitized to corrosion, resulting in inter
granular attack. This type of corrosion most often
occurs in the heat-affected zone. Intergranular
corrosion causes a loss of metal in a region that
parallels the weld deposit (Fig. 5). This corrosion
behavior is called weld decay (Ref 13).

The formation of sufficient chromium carbide
to cause sensitization can be described by the
C-shaped curves on the continuous cooling dia
gram illustrated in Fig. 6. The figure shows sus
ceptibility to sensitization as a function of tem
perature, time, and carbon content (Ref15).If the
cooling rate is sufficiently great (curve A in Fig.
6), the cooling curve will not intersect the given
C-shaped curve for chromium carbide and the
stainless steel will not be sensitized. By decreas
ing the cooling rate, the cooling curve (curve B)
eventually intersects the C-shaped nucleation
curve, indicating that sensitization may occur. At
very low cooling rates, the formation of chro
mium carbide occurs at higher temperature and
allows for more nucleation and growth, resulting
in a more extensive chromium-depleted region.

The minimum time required for sensitization
as a function of carbon content in a typical stain
less steel alloy is depicted in Fig. 7. Because the
normal welding thermal cycle is completed in
approximately two minutes, for this example the
carbon content must not exceed 0.07 wt% to
avoid sensitization. Notice that the carbide nu
cleation curves of Fig.6 move down and to longer
times with decreasing carbon content, making it
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Fig. 7 Minimum sensitization time from a time-temperature
sensitization diagram asa function of carbon content for
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more difficult to form carbides for a given cooling
rate.

The control of stainless steel sensitization may
be achieved by using:

A postweld high-temperature anneal and
quench to redissolve the chromium at grain
boundaries, and hinder chromium carbide
formation on cooling
A low-carbon grade of stainless steel (e.g.,
304Lor 316L)to avoid carbide formation
A stabilized grade of stainless steel containing
titanium (alloy 321) or niobium (alloy 327),
which preferentially form carbides and leave
chromium in solution. (There is the possibility
of knife-line attack in stabilized grades of
stainless steel.)
A high-chromium alloy (e.g.,alloy 310)
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Role of Delta Ferrite in Stainless Steel Weld
Deposits. Austenitic weld deposits are fre
quently used to join various ferrous alloys. It has
been well established that it is necessary to have
austenitic weld deposits solidify as primary fer
rite, also known as a 0 ferrite, if hot cracking is to
be minimized (Ref16,17). The amount and form
of ferrite in the weld metal can be controlled by
selecting a filler metal with the appropriate chro
mium and nickel equivalent. A high chro
mium/nickel ratio favors primary ferrite forma
tion, whereas a low ratio promotes primary
austenite (Fig. 8). An optimum condition can be
attained for ferrite contents between3 and 8 vol%
in the weld deposit. Ferrite contents above 3 vol%
usually guarantee primary ferrite formation and
thus reduce hot cracking susceptibility. How
ever, ferrite above 10vol% can degrade mechani-

cal properties at low- or high-temperature serv
ice. At low temperatures, excess ferrite can pro
mote crack paths when the temperature is below
the ductile-brittle transition temperature. At high
temperatures, continuous brittle sigma phase
may form at the interface between the austenite
and the ferrite. The ferrite content can be con
firmed using magnetic measuring equipment
(Ref16, 17).

Figure 8 can be used to predict the type of
ferrite (primary or eutectic) and the ferrite con
tent when a difference exists between the stain
less steels being joined, such as when welding
type 304 to type 310 stainless steel (Ref 18). This
diagram shows the compositional range for the
desirable primary solidification mode. The dot
ted lines on the diagram indicate the various
transitions in the primary solidification phase.
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Fig. 8 Welding Research Council lWRC-1988) diagram used to predict weld metal ferrite content. Source: Ref 18

Becausenot all ferrite is primary ferrite (i.e.,some
is a phase component of a ferrite-austenite eutec
tic), this diagram can be used to ensure that fer
rite is the first solid (primary) phase to form. This
condition occurs when the weld deposit has a
composition in the range labeled FA in Fig. 8.
Because primary ferrite is the preferable micro
structure, use of this diagram should reduce
problems of hot cracking during welding. Also,
the corrosion behavior of stainless steel weld de
posits and castings is measurably different de
pending on whether the stainless steel has a mi
crostructure generated with primary ferrite or
primary austenite (Ref 19-25). Thus, knowledge
of the weld metal ferrite content and form is
necessary in order to be able to properly charac
terize and predict corrosion behavior.

Pitting is a form of localized attack caused by a
breakdown in the thin passive oxide film that
protects material from the corrosion process. Pits
are commonly the result of a concentration cell
established by a variation in solution composi
tion that is in contact with the alloy material.
Such compositional variations result when the
solution at a surface irregularity is different from
that of the bulk solution composition. Once a pit
has formed, it acts as an anode supported by
relatively large cathodic regions. Pitting has a
delay time prior to nucleation and growth, and
nucleation is very site-selective and microstruc
ture-dependent. Pits are often initiated at specific
microstructural features in the weld deposit (Ref
26). Pitting occurs when the material!solution

combination achieves a potential that exceeds a
critical value, known as the pitting potential. The
tendency for a given alloy/ solution combination
to pit can often be characterized by critical poten
tials for pitting and repassivation determined by
a cyclicpotentiodynamic polarization technique.

Pits develop more readily in metallurgically
heterogeneous materials. For example, when
austenitic stainless steel is heated to tempera
tures where sensitization takes place (Ref26, 27),
the resulting chromium-depleted region is sub
ject to pitting. Pits may also initiate at the
austenite-ferrite interfaces in stainless steel weld
metal.

Although weld metal has a higher probability
of being locally attacked because of microsegre
gation in the dendritic structure, filler metals are
now available that have better pitting resistance
than their respective base metals; information
about these filler metals can be obtained from
consumable suppliers. However, even when the
proper filler metal is used, pitting may still occur
in the unmixed zone.

Duplex stainless steels, with ferrite contents in
the range of 40 to 50 vol%, are often used to
decrease the tendency of stress-corrosion crack
ing in chromium-nickel high-alloy steels. The
welding practice for duplex stainless steels must
be given special attention (Ref20-22,24,25,27) to
avoid reduction in corrosion resistance. The com
bination of a low-carbon content and a carefully
specified nitrogen addition have been reported to
improve resistance to pitting corrosion, stress-
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corrosion cracking, and intergranular corrosion
in the as-welded condition. The low-carbon con
tent helps avoid sensitization, while the addition
of nitrogen slows the precipitation kinetics asso
ciated with the segregation of chromium and mo
lybdenum during the welding process (Ref1).On
rapid cooling from high temperature, nitrogen
also has been reported to form deleterious pre
cipitates (for example, Cr2N) in the ferrite, thus
reducing the corrosion resistance (Ref 28). Nitro
gen also increases the formation of austenite in
the heat-affected zone and weld metal during
cooling. A minimum pitting corrosion rate is
achieved at a ferrite content of about 50vol%.

Stress-Corrosion Cracking. Weldments can be
susceptible to stress-corrosion cracking under
specific environmental conditions. This cracking
requires the proper combination of corrosive me
dia, susceptible microstructure, and tensile
stress. Welds are often loaded in tension (due to
residual stress) to a level approaching the yield
strength of the base metal. A weld, with its vari
ous heterogeneous microstructural features, thus
becomes an excellent candidate for stress-corro
sion cracking.

Stress-corrosion cracks have an anodic crack
tip and often leave apparent corrosion products
along the fracture. Cracking is often charac
terized by crack branching and usually has a
delay time prior to crack initiation, with initiation
occurring at corrosion pits. Increasing the ferrite
content in stainless steel weld metal reduces
stress-corrosion cracking susceptibility. Ap
proximately 50 vol% ferrite gives optimum
stress-corrosion cracking resistance.

Welding parameters influence the amount and
distribution of residual stress, because the extent
of the stressed region and the amount of distor
tion are directly proportional to the size of the
weld deposit; this deposit is directly related to the
heat input. The thermal experience of welding is
often very localized, resulting in strains that can
cause distortion and residual stress. These resid
ual stresses can be important in the initiation and
propagation of environmentally assisted crack
ing. The use of small weld deposits reduces the
stress and thus reduces the susceptibility of envi
ronmentally enhanced cracking.

It is known that postweld heat treatment can
reduce stress-corrosion cracking by redistribut
ing the localized load and by reducing the mag
nitude of the residual tensile stress available to
induce corrosion cracking (Ref 29). In a recent
study on a cast austenitic stainless steel, post
solidification heat treatments were also shown to
modify the local composition gradients, signifi
cantly altering the susceptibility of the solidified
microstructure to stress-corrosion cracking (Ref
30).

Hydrogen damage results from the combined
actions of hydrogen and stress (Ref31); the stress
can be residual or applied. The weld pool in the
liquid state has a much higher solubility for hy
drogen than solid metal, and during solidifica
tion the hydrogen content becomes supersatu
rated in the weld pool as hydrogen attempts to
transport from the weld deposit. While some of
the hydrogen leaves the weldment, significant
amounts transport through the fusion line and
into the heat-affected zone.

The fusion line region also has the highest cool
ing rate, which may lead in some alloys to frac
ture-sensitive microstructures (e.g., martensite).
The combination of high hydrogen content and
brittle microstructures can produce cracking. The
result is underbead cracking, characterized by
delayed slow propagating cracks that travel adja
cent to the fusion line in the heat-affected zone.
The typical hydrogen crack travels one or two
grains from the fusion line in the heat-affected
zone.

Weld metal hydrogen cracking often takes the
form of chevron cracks (Ref 32-34). Chevron
crack formation and propagation are influenced
by the combination of stress and orientation of
the columnar grain boundaries. Chevron crack
ing occurs at high hydrogen content levels and
appears to be inactive at low levels. This type of
cracking appears to be sensitive to reheating dur
ing multi-pass deposition of welding beads.
Chevron cracking is most likely found with flux
related welding processes.

Microbiologically Influenced Corrosion
(MIC) is a phenomenon in which microorgan
isms playa role in the corrosion of metals. This
role may be to initiate or accelerate the corrosion
process. For example, water and some organic
media may contain certain microorganisms that
can produce a biofilm when exposed to a metal
surface. The resulting nonuniform coverage may
lead to a concentrationcell and eventually initiate
corrosion. In addition, the metabolic process of
the microorganism can produce a localized acid
environment that changes the corrosion behavior
of the exposed metal by,' for example, altering
anodic and cathodic reactions, destroying protec
tive films, or creating corrosive deposits (Ref35).

In austenitic stainless steel weldments, the ef
fects of MIC are usually observed as pitting on or
adjacent to welds (Ref36,37). MIC attacks either
'Y0r a phases, and chlorides are sometimes found
in a pit, even when the water has extremely low
chloride content. Pits are found in regions of the
heat-affected zone at the fusion line, and in the
base metal near the weld for reasons not well
understood. There is some evidence that MlC
takes place along with stress-corrosion cracking
in weldments of austenitic stainless steel. Weld
ing design and plant operation can minimize



MIC attack, mainly by preventing an acceptable
environment for microorganisms.

Heat-Tint Oxide Formation, The welding
process, especially with poor gas shielding, can
produce a variation in the thickness of the passi
vating oxide. The variation in oxidation will re
sult in a gradient in the degree of chromium
depletion adjacent to a stainless steel weld. This
behavior will cause some tendency for localized
corrosion (Ref 1). An indication of this problem
can be seen by the heat-tint oxide formation (Ref
38).

Welding Practice to Minimize
Corrosion

Several methods are available to minimize cor
rosion in weldments (Ref 39). The most impor
tant of these are discussed below.

Material and Welding Consumable Selection.
Careful selection of materials and welding consu
mables can reduce the macro- and microcompo
sitional differences across the weldment and thus
reduce the galvanic effects.

Surface Preparation. A properly selected
cleaning process can reduce defects that are often
sites for corrosive attack in aggressive environ
ments. However, the cleaning process can also be
a source of trouble. For example, any mechani
cally cleaned surface (i.e., cleaned by sand blast
ing or grinding) can leave impurities on the sur
face. The type of wire brush used can also be an
important consideration (Ref 39). Stainless steel
brushes are generally preferred because they do
not form corrosion products capable of holding
moisture.

Welding design should promote deposits that
have relatively flat beads with low profiles and
have minimal slag entrapment. A poor design
can generate crevices that trap stagnant solu
tions, leading to pitting and crevice corrosion.
Irregular weld deposit shapes can promote tur
bulent flow in a tubular product and result in
erosion corrosion.

Welding Practice. Complete penetration is
preferred to avoid underbead gaps. Slag should
be removed after each pass with a power grinder
or power chipping tool. If the welding method
uses flux, the geometry of the joint must permit
thorough flux removal, because many flux resi
dues are hydrophilic and corrosive.

Weld Surface Finishing. The weld deposit
should be inspected visually immediately after
welding. Maximum corrosion resistance usually
demands a smooth uniformly oxidized surface
that is free from foreign particles and irregulari
ties (Ref 37). Deposits normally vary in rough
ness and in degree of weld spatter, a concern that
can be minimized by grinding. For smooth weld
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deposits, wire brushing may be sufficient. For
stainless steel, however, brushing disturbs the
existing passive film and may aggravate corro
sive attack.

Surface Coating. When a variation in composi
tion across the weld metal can cause localized
attack, it may be desirable to use protective coat
ings. The coating needs to cover both the weld
ment and the parent metal and often requires
special surface preparation.

Postweld Heat Treatment. A postweld heat
treatment can be an effective way to reduce cor
rosion susceptibility. This improved corrosionre
sistance is accomplished through a reduction in
residual stress gradients that influence stress-cor
rosion cracking growth. Postweld heat treatment
can assist in the transport of hydrogen from the
weldment and reduce susceptibility to hydrogen
cracking. The treatment can also reduce compo
sitional gradients (i.e., microsegregation) and
corresponding microgalvanic cells.

Preheat and Interpass Temperature. The selec
tion and use of proper preheat treatment and
interpass temperature may prevent hydrogen
cracking in carbon and low-alloy steel.

Passivation Treatment. A passivation treat
ment may increase the corrosion resistance of
stainless steel welded components.

Avoidance of Fonning Crevices. Slag that is
still adhering to the weld deposit and defects
such as lack of penetration and microfissures can
result in crevices that can promote a localized
concentration cell, resulting in crevice corrosion.
Proper selection of welding consumables, proper
welding practice, and thorough slag removal can
alleviate this form of corrosion damage.

Removing Sources of Hydrogen. Through
proper selection of welding consumables (that is,
low-hydrogen shielded metal arc welding elec
trodes), proper drying of flux, and welding clean
surfaces, the hydrogen pickup can be drastically
reduced.
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Chapter 12

Failure Analysis of Weldments*

WELDMENT FAILURESmay be divided into
two classes: those rejected after inspection and
mechanical testing and those discovered in serv
ice. Failures in service may arise from fracture,
wear, corrosion, or deformation. In this article,
major attention is directed toward analysis of
service failures. Causes for rejection during in
spection may be either features visible on the
weldment surface or subsurface indications that
are found by nondestructive testing methods.

Surface features that are causes for rejection
include:

Excessivemismatch at the weld joint
Excessivebead convexity and bead reinforce
ment
Excessive bead concavity and undersized
welds
Sharp undercut and overlap at the weld toe
Cracks-hot or cold, longitudinal or trans
verse, crater and at weld toe
Gas porosity
Incomplete fusion
Arc strike
Spatter

Subsurface features that are causes for rejection
include:

Underbead cracks
Gas porosity
Inclusions-slag, oxides, or tungsten metal
Incomplete fusion
Inadequate penetration

Failure to meet strength requirements is an
other cause for rejection of weldments. Details of

test methods for welds are provided in the Stand
ards of the American Welding Society, particu
larly ANSI/AWS 84.0-85, "Standard Methods
for Mechanical Testing of Welds." A general
treatment of evaluation methods for weldments
is given in Ref 1.

Poor workmanship and improper selection of
welding procedures and filler-metal composition
account for numerous arc-weld failures. Other
reasons for weldment failure include:

Inappropriate joint design
Improper weld size
Unfavorable heat input
Improper preweld and postweld heating
Improper fit-up
Incorrect parent (base)material composition
Alloy segregation and embrittlement
Unfavorable cooling rate in the weld metal or
heat-affected zone (HAZ)
High residual stresses
Environmental conditions not contemplated
in the design of the weld. These comprise
accidental overload, continual loads higher
than intended, fatigue, abnormal tempera
tures, and marine or other corrosive atmos
pheres

Resistance-weld failures will be discussed in
the section "Failures in Resistance Welds" in this
article.

Analysis Procedures

The initial task of the failure analyst is to seek
out and compile as complete a history as possible

"Adapted from ASMHandbook, Volume 11,Failure AnalysisandPrevention, 1986,p 411-499
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of the failed weldment and its preparation. The
success in arriving at a correct determination of
the cause of failure will be greatly influenced by
the amount of information that can be obtained
as early as possible. There are no set rules as to
the sequence in which the details are sought, but
it is important to secure promptly all oral reports
of the failure while the event is still fresh in the
minds of the observers. The following is a sug
gested check list of information thatwill be useful
later in the analysis:

Determine when, where, and how the failure
occurred. Interview all operators involved.
How was the part treated after failure? Was it
protected? How was the fracture handled?
Did the failure involve any fire, which could
have altered the microstructure of the weld or
of the base metal?
Establish the service history-loads, atmos
pheric exposure, service temperature, and
length of service. Was an accident involved?
Have there been other similar failures? Is the
service history consistent with design criteria?
Were operating parameters exceeded?
Obtain drawings of the weldment design, cal
culations of service stresses, estimation of
service life. What were the specified and ac
tual base metal and filler metal? Obtain, if
possible, the actual chemical composition,
heat treatment and mechanical properties of
the base metal, and the actual chemical com
position of the filler metal
Ascertain the cleaning and fit-up procedures
specified and those actually used. Obtain de
tails of the welding procedures, specified and
used, and any repairs made. Was preweld or
postweld heating applied?
Establish how the weldment was finished and
what testswere performed. How long was the
weldment stored, and under what condi
tions? When and how was it shipped for in
stallation? Was it promptly and properly in
stalled? Request copies of inspection
procedures and inspection reports

Examination Procedures. After the back
ground information relating to the failed weld
ment has been secured, the analyst is ready to
undertake the study of the failed part itself. The
study should begin with visual examination of
the weldment and fracture-surface features, ac
companied by preparation of sketches and pho
tographs (both general and closeups) to provide
a complete record. This should be followed by
careful examination under a low-power (5to 30x)
stereomicroscope. These procedures should be
followed for all failures, regardless of whether
the failure is caused by fracture, wear, corrosion,
or deformation.

The analyst should determine whether the fail
ure was located in the weld, the HAZ, or the base
metal; whether the weld met specifications; and
whether those specifications were appropriate
for the service conditions encountered. The sub
sequent steps used for identifying the exact cause
of the failure will be greatly influenced by the
outcome of these early observations.

If the failure is not a fracture, it may be neces
sary to follow low-power microscopic examina
tion with examination at higher magnification. If
so, this should be undertaken before chemical
analysis of the weldment surface alters the sur
face characteristics. Examination of the weld
ment surface at high magnification should reveal
whether there has been selective attack of the part
by corrosion, erosion, or other failure mecha
nisms and may provide clues as to its nature.

If the failure is a fracture, much can be learned
from the location of fracture origins, the mecha
nisms and directions of crack propagation, and
the types of loading that were involved, by rep
lica or direct examination in a transmission or
scanning electron microscope. Once the macro
scopic and microscopic examinations are com
pleted, analysis of the material and of the weld
ment surface may be undertaken by wet
chemistry, by electron microprobe, or by x-ray
diffraction, Auger electron, or ion-scattering
spectrometers.

Metallographic Sectioning. When study of the
fracture surface is complete, sectioning may be
performed. The microstructure of each zone of
the weldment can be revealed and compared to
that expected for the welding procedure reported
and the composition of base and filler metals.
Sectioning will also permit appraisals of inclu
sion distributions and contours, disclosure of
whether the fracture and any secondary cracks
were transgranular or intergranular, and obser
vation as to whether the weld fusion was incom
plete or the penetration was inadequate. Such a
microscopic examination of a distorted but un
fractured weldment would also be appropriate
as a means of discovering if the distortion was
caused by loading at an excessively high tem
perature. Microhardness traverses of the weld
zones could yield valuable corroborative data as
to whether or not the microstructure had accept
able properties. Additional information on sec
tioning of welded joints can be found in the arti
cle "Weldments" in Volume 9 of the 9th Edition
of Metals Handbook.

Nondestructive Testing. Certain nondestruc
tive tests must be used with caution to avoid
altering evidence or creating confusing evidence.
For example, liquid-penetrant tests are very ef
fective in revealing fine cracks, but if the failure
resulted from stress-corrosion cracking (Scq,
the use of a penetrant might provide false clues,



for example, by introducing the penetrant or a
corrodent into the crack. Application of the pene
trant should be delayed until after completion of
the pertinent chemical analyses and metal
lographic examination.

Magnetic-particle testing can also create prob
lems. In one instance, welds were being made
successfully on a steel containing more than
0.35% C, but because the normal borderline
weldability of this material made it susceptible to
cracking, a magnetic-particle test was done to
check for cracks. No cracks were found, but a few
weeks later, the weldments were returned be
cause cracks had initiated at minute arc strikes
that were caused by the prods used to make
electrical contact for the magnetic-particle test.
Due to their small size, the arc strikes cooled
rapidly and created a hard, untempered marten
sitic structure that was susceptible to cracking.
Magnetic-particle tests conducted with a mag
netic field induced by a yoke that does not pass
current through the part will avoid this difficulty.

Analysis of Information. The final stage in
analysis of a weldment failure consists of com
paring and integrating all of the information that
has been gathered. It is particularly important to
avoid arriving at a decision concerning the cause
of failure before this final stage. This is because
nearly all welds contain discontinuities of one
type or another that at initial investigation might
be considered to be a contributing factor to the
failure. Therefore, it is important for the analyst
to keep in mind that many welds containing dis
continuities may have given satisfactory per
formance over long service lives.

Fractography can be used to identify the origin
or origins of fracture and the paths that the
propagating crack followed. The crack origin
should reveal whether a stress concentrator
might have contributed to failure. The metal
lographic specimens should disclose the exist
ence of any improper microstructures, such as
decarburized layers, carburized skin, alloy segre
gation, martensite in the HAZ, and inadequate
weld penetration. Anyone of these items might
prove to be the critical contributing factor in a
particular instance, but generally the two most
important items of information are the location of
the fracture origin and the characteristics of the
fracture surface. From these two items it may be
deduced how the fracture began and how it
propagated; whether it was generated by a single
overload or by repetitive stresses; whether the
loading was in tension, torsion, bending, shear,
or some combination; whether fracture was duc
tile by microvoid coalescence or by tearing or was
brittle cleavage or by integranular separation.
However, all of the other data are necessary to
ensure that a more obscure cause of failure is not
missed.
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The outcome of the failure analysis should usu
ally be a recommendation that will avoid recur
rence. Such recommendations generally consist
of an eliminate-the-cause procedure, which will
necessarily differ as the cause differs. The proce
dure may consist of using a better weld contour,
a more favorable filler metal, a more appropriate
heat input (a different cooling rate for the weld
metal and the HAZ), a more accurate fit-up, a
higher-quality base metal, or different service or
maintenance conditions.

Failure Origins in Arc Welds

Some discontinuities that can serve as failure
origins of arc-welded parts are found only in
welds made by a particular process, but most
discontinuities may be produced by any of the
welding processes. The discontinuities found in
arc welds vary considerably in their importance
as failure origins. Their locations (surface or sub
surface) and geometries are the factors that must
be considered in evaluating the significance of
weld discontinuities. In moderate amounts, slag
inclusions, porosity, groove overfill or underfill,
or similar discontinuities will not reduce the
static fatigue strength of the weld sufficiently to
warrant their classification as potential causes of
fracture. In fact, fatigue cracks that initiate at the
toe of a weld will propagate around areas of gas
porosity or slag inclusions as often as through
them.

However, such features as hot (liquation)
cracks, cold (hydrogen-induced) cracks, and la
mellar tears are much more serious, because they
are severe stress raisers and will affect fatigue
strength to a degree that cannot be compensated
for in design (Ref 2, 3). Hot cracks and lamellar
tears normally occur during or immediately after
welding and can be detected by nondestructive
testing and eliminated from finished weldments.
However, the formation of cold cracks resulting
from the presence of hydrogen may be signifi
cantly delayed. For this reason, inspection is usu
ally delayed at least 48 h after welding.

Porosity produced in arc welds can be grouped
into three types: isolated,linear, and cluster. Iso
lated porosity is caused by a phenomenon similar
to boiling when the arc power is too far above the
ideal level. Linear or cluster porosity can result
from interaction of components of the shielding
gas, such as oxygen, hydrogen, or carbon diox
ide, with the weld puddle to evolve a gas, such as
hydrogen sulfide. Cluster porosity will also be
formed when the cover of shielding gas is inade
quate or when the welding is done on wet base
metal.

Rust, if present on the base-metal surface, is a
source of moisture. This moisture will either be
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dissolved as steam vapor by the molten weld
pool or will be partly dissociated by the arc and
dissolved as hydrogen. Where there is a possibil
ity of porosity or embrittlement from rust, it can
be avoided simply by removing the rust layer
before attempting to weld or by using a special
electrode. Oxidation of shielded arc welds occurs
only when there has been improper or inade
quate shielding. Titanium, for example, is suffi
ciently reactive to require shielding of both the
face and the root sides of the weld, as well as of
the tungsten electrode (if gas tungsten arc
welded) to prevent oxygen and nitrogen con
tamination and embrittlement of both the weld
and the HAZ. Such additional shielding is not
mandatory for the root side of steel or aluminum
welds, but it can improve the quality of the weld.

Formation of Compounds. Another effect of
the shielding material may be the formation of
compounds, such as oxides or, nitrides, in the
molten puddle from reaction with minute impu
rities, such as oxygen or nitrogen, in the shielding
gas. Such compounds have been shown to lower
the toughness of the weld compared to that of
welds made with pure inert gas. Considerable
advances have been made with shielding-gas
mixtures for gas metal arc welding. These new
mixtures have overcome some of the problems of
lack of toughness.

Hot cracks, or solidification cracks, in welds
may be caused by joint design and the restraint
imposed on the weld. However, hot cracks are
commonly caused by the presence of low-melt
ing constituents that extend the temperature
range of low hot strength and low ductility to
temperatures below that of the alloy. In steels,
these constituents are compounds, such as
phosphides and sulfides, and elements, such as
copper, which can segregate at grain boundaries
and cause grain-boundary tearing under ther
mal-contraction stresses. Hot cracks can be mini
mized or eliminated through residual-element
control and control of the weld pool shape. Weld
beads with a high depth-to-width ratio can pro
mote the buildup of low-melting phases at the
pool centerline and thus cause hot cracking. The
same type of hot crack is a crater crack. The ma
terial in the crater region is richer in solutes than
the remainder of the weld, because of the direc
tional nature of the weld-metal solidification,
and is very prone to cracking. The best method of
control is to use welding materials with mini
mum contents of residual elements, such as phos
phorus, sulfur, and copper in steel, thus reducing
the possibility of segregation. If this is not feasi
ble, the next best procedure is to avoid the slow
cooling rates that favor segregation between the
liquidus and solidus temperatures and accelerate
cooling until the crater has solidified. In some
hot-cracking situations, a reduction in travel

speed can alter the solidification directions in the
weld deposit and thus reduce susceptibility to
hot cracking.

In wrought heat-treatable aluminum alloys,
the relation between working and weld direction
will influence cracking. Welds made in the short
transverse direction often develop grain-bound
ary microcracks in the HAZ.

Cold cracks, or hydrogen cracks, form in welds
after solidification is complete. In steel, cold
cracks depend on the presence of a tensile stress,
a susceptible microstructure. and dissolved hy
drogen (Ref 4,5). The stress may arise from re
straint by other components of a weldment or
from the simple thermal stresses created by weld
ing in a butt, groove, or T-joint.The susceptibility
of the microstructure to cold cracking relates to
the solubility of hydrogen and the possibility of
supersaturation. Austenite, in which hydrogen is
highly soluble, is least susceptible to cold crack
ing, and martensite, in which the solubility of
hydrogen is lower, is most susceptible, because
the rapid cooling necessary for the austenite-to
martensite transformation traps the hydrogen in
a state of supersaturation in the martensite.

The presence of hydrogen in a weld is generally
due to moisture that is introduced in the shield
ing gas, dissociated by the arc to form elemental
hydrogen, and dissolved by the molten weld
puddle and by the adjacent region in the HAZ. In
the supersaturated state, the hydrogen diffuses
to regions of high stress where it can initiate a
crack. Continued diffusion of the hydrogen to the
region of stress concentration at the crack tip
extends the crack. This behavior means that hy
drogen-induced cold cracking is time dependent,
that is, time is needed for hydrogen diffusion,
and the appearance of detectable cracks can be
delayed until long after the weld has passed in
spection. The remedy is to eliminate as far as
possible the sources of hydrogen-water, oils,
greases, waxes, and rust that contains hydrogen
or hydrates. Preweld and postweld heating will
promote the escape of hydrogen by diffusion and
will reduce the level of residual tensile stress that
may be present.

Poor weld contours include overlaps, which
result when the weld puddle is too cold for fusion
or when the puddle is too hot and solidifies after
protruding beyond the toe or root of the weld;
undercutting, from too high a welding current or
too slow a welding speed; and a bead with a very
high, sharp crown from too Iowa current or too
fast a travel speed. In addition to proper control
of welding current, the use of a weave type of
bead is helpful in contour control. The weave
technique must be used with caution, however,
because low weld-metal toughness can result.

Embrittlement. Preweld and postweld heating
are used for relief of internal stress and elimina-
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phase freezes (Ref 6). A further, significant de
crease in solubility for hydrogen occurs when the
austenite transforms to either ferrite or marten
site, depending on the alloy content and the cool
ing rate. During freezing, the hydrogen may es
cape by diffusion or formation of bubbles, but a
portion will remain in the austenite in a super- .
saturated state. Any dissolved water will be
largely ejected as bubbles during the freezing
process, which may form a "picture frame" of
wormholes if the quantity of dissolved water and
the rate of freezing are both moderate. If a great
deal of vapor has been dissolved, the metal will
puff seriously, resulting in an extremely porous
structure.

Although hydrogen solubility in molten iron is
high compared to solidified iron (Fig. 1), not all
of the potential hydrogen is transferred to the
weld deposit. Much of the hydrogen in the weld
bead diffuses to the surrounding material during
cooling. The redistribution of hydrogen, how
ever, does not depend only on the thermal his
tory of the weld and the diffusion coefficient of
hydrogen. The stresses in the weld area also af
fect the redistributionbehavior and thus the cold
cracking tendency.

Hydrogen cracking can occur in either the
HAZ or the weld metal and can be either trans
verse or longitudinal to the weld axis. The level
of preheat or other precautions necessary to
avoid cracking will depend on which region,
weld metal or HAZ, is the more sensitive. In the
older carbon-manganese medium-strength
structural steels, the HAZ was usually the more

Solubility of hydrogen in steel as a function of tempera
ture
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tion of hydrogen. However, temperatures to
which parts are heated should be selected with
care; carbon steels and many alloy steels undergo
a decrease in notch toughness when heated in
certain critical temperature ranges.

Inadequate joint penetration and incomplete
fusion in arc welds usually result from improper
fit-up or groove design or from improper weld
ing procedures. The presence of inadequate
penetration and incomplete fusion can be critical
because, in addition to reducing the effective
cross-sectional area, it can produce discontinui
ties that can be almost as sharp as cracks and can
even display crack-extended tips. In welding
some alloys, inadequate penetration and incom
plete fusion can result from an oxide layer on the
joint sidewall.

Arc strikes and flame gouges can cause consid
erable damage to many metals, and care must be
taken to avoid them. Arc strikes can result from
accidental contact between the workpiece and
the electrode or electrode holder. Also, loosely
connected ground cables can cause arc burns.
Careless handling of a cutting torch can result in
flame gouging of a part. In hardenable alloys, arc
strikes, arc burns, and flame gouges cause a vari
ety of thermal responses that degrade the proper
ties of base metal. These responses can include
the generation of defects (for example, hot cracks
and porosity) that can result in stress concentra
tions that may initiate cracks.

Shielded Metal Arc Welding. The condition of
the electrode coating is important to the quality
of shielded metal arc welds. There are two gen
eral types of coatings: one is a cellulose-type,
which will break down in the arc to produce
hydrogen; the other is a cellulose-free coating
that produces very low hydrogen levels. The first
type of electrode coating is used for welds on
noncritical structures in which hydrogen in mod
erate amounts is acceptable or in situations
where its fast-freeze and good penetration char
acteristics are desirable and hydrogen is control
led by preheat requirements. The second type of
electrode coating is used for welds on structures
for which even small amounts of hydrogen are
not tolerable.

The low-hydrogen electrode coatings are hy
groscopic and pick up moisture from the atmos
phere, particularly if the relative humidity is
high. This occurs especially if the electrodes are
exposed to the air for more than 2 to 4 h. Moisture
or other hydrogen compounds in the coating are
dissociated by the arc temperature, and the re
sulting atomic hydrogen is readily dissolved in
the weld puddle. Water vapor may also be di
rectly dissolved by the molten steel with very
little dissociation. The solubility for hydrogen in
the steel decreases abruptly and drastically (as
much as 4:1 for hydrogen) when the molten
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critical region and weld metal rarely caused a
problem. Modern steels with low carbon are now
very resistant to hydrogen cracking; therefore,
the weld metal may be the controlling factor.

Hydrogen cracking in the weld metal depends
on the same fundamental factors as in the HAZ,
that is, hydrogen content, microstructure, and
stress. The controlling variables in practice are
usually strength level, hydrogen content, re
straint, and tensile stress level. In single-pass
welds and the root run of multiple-pass welds,
the root gap provides a stress concentration to the
transverse stress; this leads to longitudinal cracks
in the weld metal.

The higher dilution of the root run may result
in a harder weld bead that is more likely to crack.
This is the predominant form of cracking in such
applications as pipelines. In cases where trans
verse notches exist, for example, an unspliced
backing bar, the longitudinal stress becomes the
controlling factor, and transverse cracks may oc
cur. In heavy multiple-pass welds, cracking will
generally be in the transverse direction either
normal to the surface or at an angle of about 45°.
The latter type has been called chevron cracking.
The solution to these cracking problems rests
with proper control of hydrogen through such
practices as handling of electrodes, drying of
fluxes and electrodes, and adequate preheat.

The characteristics of impact fractures of welds
are related to the compositions of the electrodes
used. A quantitative relationship is given in the
table that accompanies Fig. 2, which summarizes
data from a series of weld-cracking test speci
mens prepared from 25-mm (I-in.) thick 3.5% Ni
steel plates cut with circular grooves, as shown in
Fig. 2. In these weld-cracking tests, shielded met
al arc welding was performed semiautomatically
on a turntable, producing a 270°weld bead at 175
A, 26 V, and a travel speed of 150mm/min (6in. /
min) with a 5-mm (3I16-in.) diam electrode.

The weld in specimen A in Fig. 2 was made
with a low-hydrogen covered electrode (E6015)
from a sealed container that was opened immedi
ately before the test weld was made. Two rods
were taken from the package at the same time,
the covering of the two rods was stripped, and
the moisture content of the coverings was deter
mined by heating them for 1 h at 1400 °C (2550
OF). The temperature of the welding room was 25
°C (75 OF), and the relative humidity during the
several tests was 35 to 40%. Other rods, used for
the test welds in specimens Band C in Fig. 2,were
exposed to the welding-room air for 168 h (7
days) and for 744 h (1 month), respectively. The
crack lengths in the three welds were correlated
with determinations of moisture content, as
shown in the table with Fig. 2. Although the
electrode coverings were of the low-hydrogen
type, the moisture content increased with addi-

tional time of exposure to room air, and the welds
exhibited increases in crack lengths.

Hydrogen damage to weld deposits (either as
porosity or as cracking) can be avoided simplyby
proper control of hydrogen through handling of
electrodes, drying of fluxes and electrodes, and
adequate preheat. For low-hydrogen shielded
metal arc electrodes, this means storing in hold
ing ovens to prevent moisture from re-entering
the electrode coating from the air. Normally,
such ovens should be controlled between 120and
175°C (250 and 350 OF). Electrodes may require
baking to remove moisture at temperatures as
high as 425 °C (800 OF) before storing, but exces
sive baking can oxidize ferroadditions in the elec
trode coating and affect deoxidation of the weld
pool.

Most carbon steels can be welded using coated
electrodes and appropriate welding procedures,
including preheat when required. Electrodes are
classified on the basis of chemical composition,
mechanical properties, and type of coating. In
flux-cored arc welding, the operating charac
teristics of the electrodes varywith the core ingre
dients and the shielding gas (if used). Care
should be taken to remove the slag in some cases
and to maintain the low-hydrogen characteristics
of the tubular electrodes. Adequate shielding
must be maintained through either an external
source or a self-shielding type of electrode.

Gas Metal Arc Welding. Typical problems that
can occur in this type of welding are lack-of-fu
sian defects caused during short-circuit transfer
and porosity from shielding-gas problems. Ade
quate deoxidizers are required in the electrode to
prevent porosity in the weld. The low-hydrogen
nature of the process will be lost if the filler metal
or shielding gas are contaminated. Electrodes
must be properly stored and cleaned.

Submerged Arc Welding. Factors that contrib
ute to the formation of discontinuities in other
arc-welding processes generally also prevail for
the submerged arc process. However, in sub
merged arc welding, flux is separate from the
electrode, and the quantity of the flux layer can
affect results. For example, if the flux layer is too
deep, it will produce a ropey reinforcement,
whereas too shallow a layer contributes to the
formation of porosity and gas pockets. Also, a
flux layer that is too narrow causes a narrow
reinforcement. Flux must be kept dry to maintain
low-hydrogen characteristics.

Gas Tungsten Arc Welding. A potential but
infrequent problem in gas tungsten arc welding
is the pickup of tungsten particles from the elec
trode caused by excessive welding current or
physical contact of the electrode with the weld
puddle. Tungsten inclusions are extremely brittle
and fracture readily under stress and can thus act
as failure origins. Tungsten inclusions can be
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caused by excessively high welding currents, in
correctly sized or shaped electrodes, and oxygen
contamination of the shielding gas. Tungsten
particles are easily detected in radiographs.

Plasma arc welding is closely related to gas
tungsten arc welding. A principal difference be
tween these two welding processes is the keyhole
effect produced by the constricted arc column of
a plasma arc weld. This effect is created by dis
placement of molten metal by the forceful plasma
jet, permitting the arc column to pass completely
through the workpiece. If the welding current is

turned off abruptly at the end of a welding pass,
the keyhole will not close, and a hole or a large
region of subsur face porosity will be produced.
This is not a problem, however, if the weld can be
terminated on a runoff tab .

Plasma arc welding has been used , for exam
ple, for the sealing of the circumferential joints of
a high -performance pressure vessel made of
modified type 410 stainless steel. The plasma arc
completely penetrated through the 8-mm (0.3
in.) thick joint, which did not require the special
edge preparation wh at would have been neces -
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sary if gas tungsten arc welding had been used,
and permitted completion of the joints with
fewer weld passes. To avoid introducing poros
ity in the weld-joint overlap region, it was neces
sary to program a careful welding current slope
down to reduce the welding current and the
orifice-gas flow gradually at the end of the weld.
In this way, a smooth transition was achieved
from the deep, keyhole mode of penetration to
shallow penetration.

Failure Origins in Electroslag Welds

Electroslag welding is most commonlyused for
joining relatively thick sections of low-carbon
steels, but it can also be used to weld medium
carbon steels, such as AISI 1045 and 1050, and to
a lesser extent for welding high-strength struc
tural steels, high-strength alloy steels (such as
D-6AC), stainless steels, and nickel alloys.

Because an arc is used to start the welding in
the electroslag process and is used until a pool of
molten flux (slag) has been formed that is deep
enough to quench the arc, the discontinuities
typical of arc welds are usually present in the
initial deposit. These possible defects, however,
can be isolated from the welded joint by the use
of a starting lug that can be cut away later, leav
ing only metal deposited by electrical resistance
heating of the molten flux. This heat serves to
melt both the filler metal and the surface of the
base metal that are in contact. Once the metal has
been deposited by resistance heating of the flux,
welding must be continuous until the joint has
been completely formed if welding defects are to
be avoided. A halt at any intermediate stage in
completing the joint weld will probably result in
a region containing porosity, nonmetallic inclu
sions, cracks, and undercuts when welding is
restarted. In welds completed without interrup
tion, discontinuities can be detected visually or
by nondestructive testing.

Inclusions. Slag inclusions derived from the
flux pool may be found at the weld interface.
These inclusions can be best avoided by making
certain that the guide tube for the electrode wire
is centered between the base-metal surfaces and
between the dams.

Other inclusions may result from melting of
nonmetallic laminations in the steel being
welded. These are detectable by radiography.
They can be avoided by magnetic-particle or liq
uid-penetrant inspection of the faying surfaces of
the steel to be welded. When located, the lamina
tions should be gouged to a depth greater than
the expected weld penetration, and the cavities
filled by repair welds using low-hydrogen elec
trodes.

Porosity. Because electroslag welding is basi
cally a low-hydrogen process, gas porosity is
usually not encountered. However, if gas poros
ity should be detected and if the flux used is of the
composite or bonded type, the flux should be
prebaked. Electroslag welding establishes direc
tional solidification in the welds, which is favor
able for the production of welds that are free of
shrinkage porosity.

Incomplete fusion or inadequate penetration
can lead to a major failure of the weld by cracking
from thermal contraction stresses on cooling.
This is usually overcome by using a predeter
mined butt-joint gap or by increasing the depth
of the flux pool.

Poor Weld Contour. The weld-face contours
are formed by the copper dams or shoes that
bridge the gap between the plates being welded.
If the clamping pressure on the shoes is too great,
the resulting flexure will cause an improper weld
contour. In some circumstances, the weld face
may contain some undercutting. Undercutting is
easily detected by visual, magnetic-particle, or
liquid-penetrant inspection and can be repaired
by grinding or by arc welding plus grinding.

Cold Cracks in Base Metals. In thick plates,
microfissures may be produced by forming op
erations close to or below the nil-ductility tem
perature. If such microfissures lie close to or in
the HAZ of an electroslag weld, they will grow to
macrofissures that can be detected by visual in
spection or by examination using magnetic-par
ticle, liquid-penetrant, or radiographic methods.

Hydrogen Cracks in Weld Metal. Hydrogen
cracks have been observed in electroslag welds.
These have resulted from moisture in the flux or
from moisture picked up from the cooling shoes.
For this reason, dried fluxes should be used at all
times.

Excessive Grain Growth. Because of their slow
cooling rates, electroslag welds usually have a
large grain size in the fusion zone. This may
lower toughness, particularly at low tempera
tures, and may make electroslag welds more sen
sitive than other types of weldments to contami
nation.

Failure Origins in Electrogas Welds

Many aspects of electrogas welding resemble
electroslag welding, but there are certain distinct
differences. The discontinuities and defects that
may be encountered in electrogas welds are de
scribed below.

Inclusions. Because a flux is not employed in
electrogas welding (except in flux-cored elec
trodes), this possible source of inclusions is fre
quently absent in electrogas welds. Nonmetallic
inclusions introduced by base-metal laminations



are sometimes found by radiographic examina
tion. The detection and removal of such lamina
tions are covered in the section "Inclusions" in
the preceding discussion on electroslag welding.
The depth of gouging necessary to remove base
metal laminations in preparation for electrogas
welding is greater than for electroslag welding
because of the deeper penetration achieved by
the electrogas process.

Porosity. Gas porosity is almost always the
result of an inadequate volume of shielding gas
or because air was aspirated in the flow of shield
ing gas. A large gas flow and an increased height
to gas coverage should correct this condition.

Highly directional solidification exists in elec
trogas welding to the same degree as in the elec
troslag process. Thus, the welds should be free of
shrinkage porosity.

Incomplete fusion or inadequate penetration
will sometimes cause gross cracking during cool
ing as the result of thermal-contraction stresses.
The usual remedial procedure is to reduce the
gap between the plates being welded, increase
the welding current, or decrease the oscillation
speed, thereby deepening the molten-metal pool.

Poor Weld Contour. The causes and correction
of poor weld contour in electrogas welding are
the same as for electroslag welding (see the sec
tion "Poor Weld Contour" in the discussion of
electroslag welding).

Hot Cracks in Weld Metal. If hot cracks are
formed in the weld, they will be observed almost
immediately as the weld cools and the weld dams
move up. Such defects usually mean rejection of
the weldment. Their occurrence can be related to
the alloy content of the electrode filler metal and
can be eliminated by selection of the proper com
bination of filler metal and shielding gas.

A filler metal should be similar to the base
metal in composition, tensile strength, and elon
gation. Selection of the shielding gas depends
somewhat on the composition of the base metal.

Cold Cracks in Base Metal. The occurrence of
cold cracks in the base metal is the same as for
electroslag welding (see the section "Cold Cracks
in Base Metal" in the discussion of electroslag
welding).

Failures in Resistance Welds

The general term resistance welding includes
resistance spot welding, resistance seam weld
ing, and projection welding, which are all closely
related. Flash welding (a resistance butt welding
process) is dealt with separately in this article,
predominantly because the extensive arcing and
plastic upsetting that characterize this process
make it appreciably different from conventional
resistance-welding processes.
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The qualities of resistance welds are affected by
many variables, including the properties of the
material to be welded, the surface smoothness
and cleanness, the electrode size and shape, and
the welding-machine settings that determine
welding time, pressure, and current. Successful
welding depends on consistent weld properties,
which in turn require uniform welding condi
tions. Experience has shown that a change in any
single variable of more than 10% is sufficient to
make the weld unacceptable. Unacceptability
may represent failure to meet a specified prop
erty limit, such as a minimum tensile or impact
strength, or it may indicate actual fracture of the
weld. Some possible causes of resistance weld
failures are described below.

Inclusions. The sources of inclusions in a resis
tance weld include the surfaces of the parts being
joined and their internal structures. Surface con
taminants that may cause inclusions are dirt,
rust, scale, certain types of coatings, and some
times oil and grease. These may be between the
surfaces to be joined or may be between a part
and the electrode contacting the part. Whether or
not the inclusions cause failure depends on their
quantity, size, location within the weld micro
structure, and such properties as melting point or
softening range. An inclusion that is likely to
become fluid enough at the nugget-fusion tem
perature to penetrate a grain boundary would be
particularly damaging.

Porosity. Some inclusions may cause weld po
rosity, which is generally considered undesirable
but is totally unacceptable if certain size limita
tions are exceeded. Other inclusions may gener
ate blowholes, usually a cause for immediate re
jection. Improper machine settings, particularly
those causing excessive current and insufficient
pressure, can cause porosity or blowholes. These
defects at the weld surface can cause part rejec
tion, but moderate porosity near the center of the
weld nugget is usually acceptable.

Inadequate Penetration. Except in aircraft
quality spot welding, limits of nugget penetra
tion in welded parts are commonly not specified.
Even for aircraft quality, the range may be from
20 to 80%. Inadequate penetration results from
too Iowa current density in the weld, perhaps
from a malfunction or improper setting of the
machine or other cause, such as mushroomed
electrodes, partial shunt of welding current
through adjacent welds, excess pressure, or im
proper material.

The effect of inadequate current density was
observed when a bench-type resistance spot
welder was being used to join two crossed wires
by direct-current welding for an electronic as
sembly. The measured weld strength was 4 kg (9
lb). After maintenance on the weld head, the ca
bles to the electrodes were accidentally reversed,
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Fig. 3 Schematic of the failure of spot welds to join a bracket to
a baseplate assembly. The failure was caused by inade

quate welding current density resulting from extension of the elec
trode beyond the edge of the bracket flange.

and the subsequent welds showed a strength of
1.4 to 2 kg (3 to 4.5Ib). This was due to the effect
of polarity in welding dissimilar metals with di
rect current. This effect can also be observed in
very short-time welds (1 to 2 cycles) made with
alternating current.

In another instance in which inadequate cur
rent density prevented satisfactory welding of a
crossed-wire junction, a tinned-copper wire was
to be welded to a nickel wire. The welding opera
tion, in which power input was 25 W . s, was
unsuccessful in producing a weld. Inspection of
the wires for cleanness with emery paper re
vealed a copper color beneath the surfaces of
both wires, and a hand magnet showed that both
wires were nonmagnetic. Another tinned-copper
wire had been accidentally substituted for the
nickel wire; a power input of 65 W . s would have
been necessary to weld together the two copper
wires.

Insufficient current density resulted in inade
quate joint penetration when three spot welds
were made in attaching a small angle to a sheet;
both the angle and the sheet were of cold-rolled
steel 1.6 mm (V16 in.) thick. The spot welds were
made 13 mm (0.5 in.) apart. However, welds 2
and 3 were often weak. Because shunting was
suspected as the cause of the weak welds, test
were performed, which showed that weld 1 was
always good while welds 2 and 3, when made in
that order, were both weak, because part of their
current passed through the earlier made welds.
Conversely, it was shown that if weld 3 was
made after weld 1, they were both strong,
whereas if weld 2 was made last, it was extremely
weak. It was decided to eliminate weld 2 and use
two welds 25 mm (1 in.) apart, which would
minimize shunting, ensure adequate current
density, and provide two strong welds consis
tently.

Poor weld shape encompasses a variety of de
fects that may result from part configurations
causing undersized nuggets that can lead to fail
ure. Examples of these conditions include poor

fits, inadequate flange width or contacting, over
lap, edge bulges, cracks, burn-throughs, and dis
tortion. In many such instances, the defects are
often the result of carelessness on the part of the
machine operator. Less frequently, the fault may
be the result of an improper design, such as the
insufficient flange width of the bracket shown in
Fig. 3.

The bracket shown in Fig. 3 had been difficult
to spot weld to the baseplate. The size of the
welding electrode was determined by the bracket
thickness, which required that the electrode be of
a specific size that definitely related to the elec
trode-face diameter and to the electrode-shank
diameter. The narrowing flange caused the elec
trode used to extend over the edge of the bracket,
producing a bulge and crack at spot weld 2 and
an unsound weld at position 3 because of metal
expulsion. The operator could have selected a
smaller-diameter electrode, but then the spot
welds, although sound, would have been smaller
and perhaps unable to carry the load on the
bracket. The correct solution is to redesign the
bracket with a wider flange or to emboss the
flange with projections to concentrate the current
flow at proper distances from the flange edge.

Poor weld surfaces that can cause weld failure,
usually because of unsatisfactory nugget forma
tion, are often the result of poor machine opera
tions or adjustments that lead to weld spatter,
blowholes, electrode pickup, or excessive inden
tation.

Cracks. Welds containing cracks usually result
from overheating, improper loading during the
welding cycle, or the use of welding programs
that are unfavorable for crack-sensitive metals.
Hot cracks are uncommon in resistance welding
because the time at high temperature is so brief.
Cold cracks may occur because the weld metal
froze under insufficient pressure and was there
fore forced to undergo thermal contraction rela
tive to the surrounding matrix that demanded
more deformation than the metal could tolerate.
Such cracks weaken the weld considerably if they
are at the weld rim, but are innocuous if at the
weld center. These cracks may be avoided by
proper pressure control, especially by applica
tion of forging pressure at the end of the weld
cycle.

Unfavorable fabrication procedures or inade
quate bend radii sometimes cause cracks that
propagate in parts to induce failures that can be
confused with weld-crack failures. There is a
clear need to determine the true crack origin be
fore assigning the cause of failure in such circum
stances. Water quenching during resistance seam
welding can lead to quench cracks from marten
site transformation and contraction stresses.

Inadequate Weld Properties. Conditions that
affect nugget formation include surface coatings,



preweld cleaning, electrode overlap, spot-weld
to-edge distance, sheet thickness, and wall thick
ness of embossed projections. Any variation in
properties that influences the electrical resistance
between the parts will influence the weld quality.

Intermittent weld failures can result from vari
ations in surface conditions that are not machine
controlled. Examples include the presence of rust
or of die-casting flash or mold-release compound
in layers of varying thickness. Careful surface
cleaning and inspection before welding are the
only preventatives. Parts made of hardenable al
loys may be hardened by the high heat and rapid
quench of a typical resistance welding cycle.Such
parts will be brittle, and the welds can easily be
broken unless they are tempered, either as an
added portion of the weld cycle or in a separate
operation outside the welding machine.

Example 1: Failure of Resistance Spot Welds
in an Aircraft Drop Tank Because of Poor Fit
Up. A series of resistance spot welds joining Z
shape and C-shape members of an aircraft drop
tank structure failed during ejection testing. The
members were fabricated of alclad aluminum al
loy 2024-T62. The back surface of the C-shape
members showed severe electrode-indentation
marks off to one side of the spot weld, suggesting
improper electrode contact.

Investigation. Visual examination of the weld
fractures showed that the weld nuggets varied
considerably in size, some being very small and
three exhibiting an HAZ but no weld. Metal
lographic examination of sections through the
spot welds indicated normal metallurgical struc
ture with no sign of embrittlement. Three welds
showed lack of penetration (the cladding being
intact at the joint interface) / and most of the welds
were irregular in size and shape. Of 28 welds,
only nine had acceptable nugget diameters and
fusion-zone widths.

The weld deficiencies were traced to problems
in forming and fit-up of the C-shape members
and to difficulties in alignment and positioning
of the weld tooling. In particular, the marks on
the backs of the C-shape members were due to
curvature of the faying surface that interfered
with electrode contact at the correct point. It was
evident that the lack of precise electrode align
ment created an unfavorably long current path,
reducing the heat input at the weld and the size
of the nugget.

Conclusions. The failure of the resistance spot
welds was attributed to poor weld quality caused
by unfavorable fit-up and lack of proper weld
tool positioning.

Recommendations. The problem could be solved
by better forming procedures to provide an accu
rate fit-up that would not interfere with electrode
alignment.
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Example 2: Failure of Resistance Spot Welds
Joining Stiffeners to the Skin of an Aircraft
Drop Tank Because of Poor Fit-Up. Resistance
spot welds joining aluminum alloy 2024-T8511
stiffeners to the aluminum alloy 6061-T62 skin of
an aircraft drop tank failed during slosh and vi
bration testing.

Investigation. Visual examination of the fracture
surfaces showed that the failure was by tensile or
bending overload, which was subsequently con
firmed by TEM.Measurements of the diameter of
fractured spot welds established that all welds
were below specification size, which indicated
that the joints had lower-than-required strength.
Review of the assembly procedures revealed that
there had been poor fit-up between the stiffeners
and the tank skin, which probably caused shunt
ing of the welding current and resulted in weak,
undersize weld nuggets.

Conclusions. The spot welds failed because of
undersize nuggets that were the result of shunt
ing caused by poor fit-up.

Corrective Measures. The forming procedures
were revised to achieve a precise fit between the
stiffener and the tank wall. Also, an increase in
welding current was suggested.

Example 3: Crack in a Resistance Seam Weld
in a Titanium Alloy Stator Vane Because of
Metal Expulsion That Caused Fatigue. A fluo
rescent liquid-penetrant inspection of an experi
mental stator vane of a first-stage axial compres
sor revealed the presence of a longitudinal crack
over 50mm (2 in.) long at the edge of a resistance
seam weld. The vane was made of titanium alloy
Ti-6AI-4V (AMS4911).

Investigation. The crack was opened by fractur
ing the vane. The crack surface displayed fatigue
beach marks emanating from multiple origins at
the inside surface of the vane at the seam-weld
interface. Both the leading-edge and trailing
edge seam welds exhibited weld-metal expul
sions up to 3.6 mm (0.14 in.) in length. Metal
lographic examination of transverse sections
taken through the main fatigue origin and at
other random points confirmed that metal expul
sion from the resistance welds was generally
present. The surface imperfections created by the
metal expulsion provided points of stress con
centration that lowered the fatigue strength and
led to failure in experimental testing.

Conclusions. The stator vane failed by a fatigue
crack that initiated at internal surface disconti
nuities caused by metal expulsion from the resis
tance seam weld used in fabricating the vane.

Recommendations. Expulsion of metal from
seam welds should be eliminated by a slight re
duction in welding current to reduce the tem
perature/ by an increase in the electrode force, or
both.
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Fig 4 A failed flash-w eld ed joint in a 300M steel arresting-
• hook stinger. Light-colored radia l mangane se sulfide in-

clusi on s are evide nt. O.5x

Failure Origins in Flash Welds

Flash welding is a variation of resistance weld
ing, in which arcing (flashing) is used to supply
the major portion of the initial heat for the forma
tion of a butt weld. Some characteristics of flash
welds that may lead to failure are described be
low.

Poor Surface Conditions. Preweld cleaning of
the workpieces at the die-contact area is impor
tant to ensure proper current flow and prevent
local overheating of the workpieces surface. No
surface coating (plated metal, conversion coat 
ing, or anodized coating) should be present be
fore welding, because it will result in weld-area
contamination or die burns. Oxides and foreign
particles can cause small pits in the surface as
they overheat and hum into the workpiece.

Inclusions. During the flashing action, craters
are formed that contain molten metal and possi
bly oxides. If the energy input that produces the
flashing is properly controlled, these oxides
should be expelled with the flashing molten-met
al pa rticles that give the process its name. When
the upsetting force is then applied, most of the
impurities not expelled by the flashing will be
expelled with plastic upset metal. Any non
metallics that are not expelled usually remain at
the fusion line with little apparent depth back
into the base metal on either side. Most static and
fatigue failures that occur in flash welds originate
at such discontinuities.These discontinuities nor
mally have little effect on static strength, but can
measurably reduce fatigue life. Excessive energy
input and insufficient upsetting force or travel

speed are the most common causes of such inclu
sions.

An example of failure of a flash-welded joint
attributed to the presence of nonmetallic inclu
sions is the fracture surface of an aircraft arrest
ing-hook stinger (Fig. 4). This stinger, which was
fabricated of 300M steel with a tensile strength of
1931 to 2103 MPa (280 to 305 ksi), was one of
several that failed at flash-welded joints during
proof loading. The light-colored radial lines vis
ible in the fracture surface in Fig. 4 are non
metallic impurities that penetrated the fusion line
and that were not completely expelled during the
upsetting action following flashing. Further oc
currence of these inclusions, which were identi
fied as manganese silicate stringers, was elimi
nated by changing the protective atmosphere
from natural gas to propane to provide a greater
deoxidizing potential and by increasing the upset
pressure and reducing the rate of the energy in
put.

Porosity. Insufficient up setting force or travel
may leave porous areas of cast metal in the weld.
Excessive electrical energy input can also lead to
porosity by the formation of large craters by the
expulsion of molten metal. Where large-diameter
pieces are to be joined, one end face should be
slightly chamfered so as to start the flashing at
the center of the cross section. This helps to avoid
trapping of particles in the weld.

Incomplete Fusion. Inadequate heating will
result in incomplete fusion, but it may also result
from an upsetting travel that is so slow that the
metal does not become sufficiently plastic to
forge properly during upsetting. Another cause
of inadequate heating can be the shunting of elec
trical current around the closed side of a ring to
be flash welded; sufficient current may be by
passed to make flashing difficult, even resulting
in a melt-through of the closed side of the ring.

Poor Weld Contours. Whenever heating is not
uniform over the intended joint, an unfavorable
temperature gradient is established that contrib
utes to misalignment after welding. If parts are
not properly aligned by the dies, they may slip
past each other during upsetting, creating a lap
instead of a proper weld. Workpieces of different
cross sections that have not been adjusted in de
sign to achieve a good heat balance, such as tubes
of different diameters or wall thicknesses, may
slide (telescope) over each other and create a
poor-quality weld.

The internal flash and upset metal form ed in
flash welding of tubes or pipe are normally not
removed (often, they cannot be), which leaves a
reinforcement with two sharp notches adjacent to
the fusion line. These notches act as stress raisers
that, under cyclic loading, will reduce the fatigue
strength. They also restrict fluid flow and can
serve as concentration-cell sites for corrosion.



Hot Cracks. Alloys that possess low ductility
over a temperature range below the melting
point may be susceptible to hot cracking. Such
alloys are more difficult to flash weld, but can
usually be welded if the most favorable welding
conditions are selected. Tension obviously should
be avoided, and because the rim of the upset
metal is in circumferential tension as upsetting
progresses, it may be essential to keep the upset
ting force to the minimum acceptable. In such an
operation, some cracks are likely to form that are
shallow enough to allow complete removal when
the upset metal is machined away. Precise coor
dination of current cessation and upsetting travel
are important, and the joint should be under
moderate compression during cooling.

Cold Cracks. Insufficient heat during upset
ting or excessive upsetting travel causes colder
metal to be forced into the weld zone. The metal
will crack transversely to the weld line in the
upset zone. This effect is also encountered in the
flash welding of hardenable steels, because of the
mass quench provided by the remainder of the
workpiece. The use of a slow cooling rate, as well
as heat treatment following welding, will allevi
ate transformation stresses that could cause
cracking under service loads.

Failure Origins in Upset Butt Welds

Upset resistance butt welding is similar to flash
welding, but is less widely used. The advantages
of resistance butt welding are:

There is little weld spatter because there is no
flashing
Lessmetal is used in the weld upset
The upset is usually smooth and symmetrical,
although it may be pronounced

Upset butt welding is used in joining small
ferrous and nonferrous strips, wires, tubes, and
pipes end to end.

Because there is no flashing of abutting work
pieces, joint preparation for upset butt welding is
more critical than for flash welding. Shearing to
provide clean, flat, parallel ends is the usual pro
cedure for small parts and wire. Beveled or other
special shapes, such as spherical, are used to re
strict the area of initial contact in butt welding
larger parts, especially if they have oxidized
ends. Wires are sometimes pinch cut in wedge
shapes and the opposing ends rotated 90°.

Unlike a flash weld, for which the proper upset
slope is 45 to 80°, the slope of the burr or an upset
butt weld is normally 80 to 90° quite thin, and
often split into two, three or even four petal
shaped segments (Fig. 5); the burr diameter
should be at least twice the wire diameter. A split
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burr with a diameter three to four times the wire
diameter is a better burr. The burr can be easily
removed by hand or by cutting pliers.

Example 4: Failures of Upset Butt Welds in
Hardenable High-Carbon Steel Wire Because
of Martensite Formation and Poor Wire-End
Preparation. Extra high strength zinc-coated
1080 steel welded wire, 2.0 ± 0.08 mm (0.080 ±
0.003 in.) in diameter, was wound into seven
wire cable strands 6.1±0.15mm (0.240± 0.006in.)
in diameter for use in self-supporting aerial ca
bles and guy wires. The wires and cable strands
failed to meet tensile, 'elongation, and wrap tests,
with wires fracturing near welds at 2.5 to 3.5%
elongation and through the welded joints in
wrap tests. The property requirements, a modifi
cation of ASTM A 475, included: (1) 3016-kg
(6650-lb) minimum tensile strength for the
strand, with or without a weld in one wire, one
joint allowed per 45.7m (150ft), (2)454-kg (1000
lb) minimum tensile strength for the wire, (3)4%
minimum elongation in 61 cm (24in.) for a strand
without welds, 3.5% for a strand with one weld,
and (4) no fracture of an individual wire with or
without a weld when wrapped in a close helix of
at least five turns at a rate not exceeding 15 turns
per minute around an 8-mm (5I16-in.) diam cylin
drical mandrel.

The welded wire was annealed by resistance
heating with a 3-kV·A transformer and control
separate from the welding transformer. The wire
was clamped in annealing jaws that were 0.9 m
(36 in.) apart (outside the upset jaws), and the
automatic cycle included six pulses of 3 s on and
5 s off. The wire ends had a chisel shape, pro
duced by the use of sidecutters (Fig. 6a).

Investigation. Tests of wire and weld properties
gave the following values:

Tensile gtrength Elongation in
WJrerondition kg lb 61 em (24 in.), %

Unwelded as-received 506-510 1115-1125 4.5
Welded as-welded 113 250 0
Rea t trea ted 206-225 454-496 4.0-9.5
Reatedat:

80% voltage 224 494 3.0
88% voltage 231 510 0.5-1.5

Tests of the heat-treatment temperatures
showed that the wire exceeded 775°C (1425 OF) at
a point 305 em (12in.) from the weld area. Metal
lographic examination revealed that there was
martensite present in the weld area even after the
heat treatment. The wrap test was being poorly
applied, with the wire and mandrel gripped to
gether in a vise and wrapping done with pliers;
this subjected the wire to variations in magnitude
and type of load as well as of speed of wrap. The
weld burrs were excessive, cracked, and poorly
formed (Fig.6a).
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Fig. 5 Upsetbutt welded steelwire showing typical acceptable
burrson the welds. Dimensions given in inches

At this stage, the manufacturer changed the
specified steel from AISI 1080 to 1055 and in
creased the minimum tensile strength for indi
vidual wires (unwelded) from 454 to 522kg (1000
to 1150 lb). Although this single-wire strength
was more stringent, it meant that the 3016-kg
(6650-lb) strand-strength requirement could be
met even if one wire broke prematurely. Tests
were conducted to determine the appropriate
postweld heat treatment, using a resistance-heat
ing setup employing a 7.5-kY-A transformer
equipped with digital time controls from 1.0 to
9.9 s and digital heat control from 10 to 99%.
Heat-sensitive crayons and a hot-wire pyrometer
were used to measure wire temperature. The ef
fects of heat-treatment time and temperature on
room-temperature tensile strength and elonga
tion are listed in Table 1.

The outcome of the tests was that the welds
were brittle unless they were heated at high
enough temperatures to undergo transformation
to austenite. Although the heat treatment at 760
°C (1400 OF) did not eliminate all martensite, it
did produce enough ductility so that the weld
could satisfactorily pass the wrap test.

Conclusions. The test failures of the AISI 1080
steel wire butt-welded joints were due to marten
site produced in cooling from the welding opera
tion that was not tempered adequately in post
weld heat treatment and to poor wire-end
preparation for welding that produced poorly
formed weld burrs. The heat treatment of the
1055steel welds that produced transformation to
austenite was successful in minimizing the
martensite content sufficiently for the welds to
pass the wrap test.

Corrective Measures. The postweld heat treat
ment was standardized on the 760°C (1400 OF)
transformation treatment to obtain consistent
tensile strengths of about 245 kg (540 lb) and
elongations above 8%. In addition, the shape of
the wire ends, which was a chisel shape pro
duced by the use of sidecutters, was abandoned
in favor of flat, filed ends (Fig. 6b) to make the

1055 or Heat-affected
1080 sleel zone,0.187

(zinc coaled)

Wire,

Cip
Chisel end 3

Burr, 8' diom

Before welding After welding
~--- (a) Original weld design ----~

Burr, ~ diam

Before welding After welding
~--- (b) Improved weld design ---------'

Fig. 6 Wire-end preparation for upsetbutt welding. The prepa
ration was changed from chisel end (a) to squareend (b)

to eliminate testfailures in welded zinc-coated AISll 080 or 105S
steelwire.

weld heating more uniform and to improve the
alignment. The jaw spacing was reduced to half
of the initial opening, which further improved
the alignment, reduced the amount of upset
(thereby improving the shape of the burr), and
decreased the time at weld heat. The wrap test
was improved by adopting a hand-cranked de
vice that made it possible to conduct the wrap
ping about the mandrel at a uniform speed and
load. Under these conditions the welded joints
withstood the tensile and wrap tests.

Failure Origins in Friction Welds

Welding by the direct conversion of mechani
cal energy to thermal energy at the interface of
the workpieces without heat from other sources
is called friction welding. The types of defects
that may lead to failure of friction welds are de
scribed below.

Center Defects. A small unwelded area that
can occur in friction (inertia) welding at the cen
ter of the interface of the workpieces is called a
center defect. It can range from 0.25 to 6.4 mm
(0.010 to 0.250in.) in diameter, depending on the
size of the workpiece. Center defects are more
common in low-carbon and medium-carbon
steels than in high-carbon or high-strength alloy
steels. Their cause is insufficient friction at the



center of the interface, giving rise to heat genera
tion that is inadequate to achieve a complete
weld. An increase in peripheral velocity or a de
crease in axial pressure will avoid creation of a
center defect. Another remedy is to provide
either a center projection or a slight chamfer to
one of the workpieces.

Restraint Cracks. A type of crack that is most
commonly encountered in friction welding a bar
to a larger bar or plate is called a restraint crack.
This type of crack, which is usually observed in
medium-carbon, high-carbon, and alloy steels,
occurs during cooling and is caused by thermal
stresses, particularly if the HAZ is thicker at the
center than at the periphery. Decreasing the pe
ripheral velocity or increasing the axial pressure
to gain a thinner HAZ at the center will eliminate
this type of crack, but care must be exercised to
avoid overcompensation, which would create a
center defect.

Weld-Interface Carbides. Carbide particles
may be present in a friction weld interface in tool
steels or heat-resisting alloys. In both metals, the
particles impair weld strength. If a friction weld
of tool steel is fractured, circumferential shiny
spots will be seen in the weld interface. The for
mation of these spots is attributed to the lack of
adequate time and temperature of the process to
take the carbide particles into solution. In weld
ing of heat-resisting alloys, precipitation of car
bide particles at the interface at welding tempera
ture can be prevented by increasing the amount
of upset.

Poor Weld Cleanup. If the exterior surface of a
friction weld does not clean up completely in
machining to final diameter, it is the result of hot
tearing at or near the surface. In ferrous metals,
this usually happens when welding two alloys of
different forgeability. The best procedure to
avoid this is to increase the section size of the
workpiece that has the better forgeability. If the
workpieces must be of the same size, an increase
in surface velocity and in axial pressure will be
helpful. For instance, in welding of a low-alloy
steel engine-valve stem to a heat-resisting alloy
head (using the flywheel method), a stepped
pressure cycle has proved useful. The second
pressure is applied to the end of the weld cycle to
stop the flywheel rapidly, thereby eliminating
the hot tearing.

In friction welding of nonferrous alloys, poor
weld cleanup is usually caused by hot tearing at
the back edge of the HAZ, especially in copper
alloys. An increase in speed will help avoid this
condition. For aluminum alloys, an increase in
speed plus an increase in axial pressure will nor
mally eliminate such hot tearing.

Hot-Shortness Cracks. Brittleness in the hot
forging temperature range requires special pre
cautions if friction welds free of hot-shortness
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Table 1 Effects of heat-treatment conditions on
room-temperature tensile strength and elongation
of 1055 steel wire strands

Elongation
Tensile strength In250mm

Wirerondltion kg Ib (lOinJ,%

Unwelded, as-received 526 1160 5.0
Welded, as-welded 113 250 0
Resistance heated(a)

3-5 s at 595°C (1100oF) 356-445 785-980 1.0-2.0
6.2-6.5 s at 595°C (1100oF) 290-302 640-665 1.8-2.0
7--ss at 650 °C (1200oF) 238-252 525-555 3.O-S.0
7.7--s.2s at 705 °C (1300oF) 233-245 514-540 9.0-12.5
7.9--s.4s at 705°C (1300oF) 249-252 548-555 5.5-11.5
8.5-9.3 s at 760°C (1400oF) 245-248 540-546 9.0-12.5
9.3-9.5 s at 760°C (1400oF) 236 520 9.2-9.8
9.7-9.6 s at 785 °C (1450oF) 236-240 520-530 8.5-12.5

(a) 1055 steel heated for an adequate time at 605 to 670°C (1120
to 1240oF)should undergo stress relief: at 670 to 725°C (1240 to
1340 oF), spheroidization; at 725 to 760°C (1340 to 1410 oF),
transformation to austenite; at 765 to 800 °C (1410 to 1475 oF),full
annealing

cracks are to be made in a hot-short metal. The
welding conditions must be adjusted to keep the
weld temperature to a minimum, using high ax
ial pressures and very low surface velocities.

Trapped oxide occurs occasionally. Oxide en
trapment is usually caused by a concave initial
weld interface of a remnant of a hole for a ma
chine center in one or both workpieces. As weld
ing starts, the pieces will behave like tubes, with
flash flowing inward toward the axis. In normal
circumstances, the trapped air will not be able to
escape and will remain either under pressure as
gas pores or combined with the metal as oxide
and nitride. If pieces with machine-center holes
mustbe used, the cavities should be large enough
so that the air is not compressed more than 90%.
Concave surfaces should be avoided.

Porosity. If cast workpieces that contain
shrinkage or gas porosity at or near the weld
interface are friction welded, the porosity will
normally be evident in the final interface. These
defects will usually be gray or black, but will
differ in appearance from center defects, which
have a metallic appearance. Porosity cannot be
eliminated. but careful inspection of the work
pieces will reveal the defect.

Failure Origins in Electron Beam Welds

Electron beam welding (vacuum and non
vacuum) is used to weld essentially any metal
that can be arc welded, and the weld quality in
most metals is either equivalent to or better than
that achieved in the best gas tungsten arc or
plasma arc welding. The advantages of vacuum
electron beam welding include: (1) the capability
of making deeper, narrower, and less tapered
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Fig. 7 A burstin an electronbeam buttweld

welds with less total heat input than is possible
with arc welding and (2) a superior control of
depth of penetration and other weld dimensions
and properties. Defects that may cause difficul
ties in electron beam welds are described below.

Inclusions are minimal in vacuum electron
beam welds because of the protection from oxi
dation and because many impurities are vapor
ized at high temperature and very low pressure.
If foreign metal is inadvertently positioned in the
path of the electron beam, it will be added to the
melt in a dispersed form. If this occurs, that por
tion of the weld should be gouged out and re
welded.

Porosity. Electron beam welds are particularly
susceptible to the formation of porosity resulting
from the release of gases dissolved or trapped in
the base metal or from impurities remaining on
the metal surface because of inadequate cleaning.
To a limited extent, welding conditions, such as
the power input, can influence the degree of po
rosity created. In the welding of carbon steels, for
example, aluminum-killed or silicon-killed
grades should be selected to minimize internal
porosity. The material was AISI 1010 steel
welded at a speed of 25 mm/s (1 in./s) at 150kV
A with a current of 4.3 rnA.

An unusual variety of porosity called massive
voids is sometimes found in electron beam
welded joints that are thicker than 25 mm (1 in.).
These cavities are similar to wormhole porosity
in steel and may result from gas evolution from
the base metal during welding, or from the pres
ence of an inverted V-shape gap in the joint be
fore final welding. This inverted V-shape (joint
edges in contact at weld-face surface, separated
by perhaps 0.8 mm, or 0.03 in., at root surface)
may be caused by poor fit-up or may be pro
duced when partial-penetration tack welds or
locking passes are used before full-penetration
passes in 50-mm (2-in.) thick material. These de
fects are readily detected by x-ray inspection.
Corrective measures to avoid their occurrence
include more careful check of joint fit-up and the
procedures cited above for general porosity.

Incomplete fusion and inadequate penetra
tion are caused either by insufficient power input

or by misalignment between the electron beam
and the seam. Such a defect maybe eliminated by
rewelding the area with increased power or a
more accurate alignment.

A different type of incomplete-fusion defect,
called spiking, is often associated with the irregu
larly shaped melting pattern at the root of a par
tial-penetration electron beam weld. Labels such
as cold shuts, root porosity, and necklace poros
ity have been used for defects of this type. They
are typically conical in shape and appear similar
to linear porosity when examined radiographi
cally in a direction parallel to the electron beam
orientation. Therefore, they have the charac
teristics of solidification and shrinkage defects in
the weld root at the tips of a portion of the spikes.
The peak-to-valley depths can vary over a wide
range, depending on the welding conditions em
ployed; these depths can sometimes amount to
25%of the depth of penetration.

The primary procedure for preventing spiking
is to defocus the beam so that beam crossover is
near the surface instead of being buried 38 mm
(1.5in.) deep in the metal. Also helpfulis a reduc
tion in travel speed to aid fusion of the root spike.
Usually, the depth of a partial-penetration~ass in
titanium alloys cannot exceed 35 mm (1~ in.)
without the occurrence of some spiking, al
though the exact depth is a function of the capa
bility of the equipment.

Poor Weld Contours. Poor contours of the face
of the weld in electron beam welds may be im
proved by using cosmetic weld passes. Relatively
poor root-surface contours are inherent in the
process at the beam exit, especially as base-metal
thickness is increased. Thin sections (less than 3.8
mm, or O. 15 in., thick) can be welded by partial
penetration of the thickness, which entirely
avoids the rough root side at the beam exit of a
full-penetration weld.

Hot Cracks. Craters and crater cracks are typi
cally produced in weld-stop areas on full-pene
tration passes. Use of runoff tabs or procedures
for slope-down and pull-out of the beam are
helpful in solving this problem.

Hot cracks in the weld may mean that the base
metal alloy is not weldable (because of its metal
lurgical structure) or that a foreign metal has
contaminated the melt. The use of filler metal
(skin stock) to provide weld metal that is less
brittle than the base metal (or metals) can prevent
cracking; this is especially helpful in joining dis
similar metals if a filler metal is chosen that has a
composition that is compatible with both mem
bers of the joint.

In welding some materials, such as the heat
treatable aluminum alloys, the grain direction of
the base metal relative to the weld can affect the
susceptibility to cracking and should be critically
reviewed when planning welding. Welds made



or stressed in the short-transverse direction, for
instance, often show a tendency to develop grain
boundary microcracks in the HAZ.

Bursts. A disk-shaped solidification defect that
occurs at the electron beam weld centerline is
called a burst. It is usually found near a change in
mass, for example, near corners or near adjacent
lugs or stiffeners. Figure 7 shows the shape, loca
tion, and appearance of a burst.

A typical burst in a 25-mm (I-in.) thick joint as
a length (in weld direction) of 1.3 to 3.2mm (0.050
to 0.125in.), a height (in the direction of the joint
thickness) that is comparable to the length, and a
thickness (maximum dimension transverse to
weld direction) of approximately 0.25to 0.4 mm
(0.010 to 0.015 in.), Occasionally, burst lengths to
25 mm (1 in.) have occurred. Bursts can be pre
vented by reducing the travel speed as the beam
nears the change in mass or by welding on the
runoff tabs to reduce the change in mass.

Failure Origins in Laser Beam Welds

Laser beam welding is used in the automotive,
electronics, consumer products, and aerospace
industries to join wire to wire, wire to sheet, tube
to sheet, and for stud welding. Problems experi
enced in continuous-wave high-power laser
beam welding are very similar to those in elec
tron beam welding processes. Several defects
that may cause difficulties in pulsed laser beam
welds are discussed below.

Inclusions. Because the laser equipment itself
does not contact the workpieces, the presence of
any inclusions that could affect the quality of a
laser beam weld would be due to foreign materi
als either on the surface or within the structure of
the metal being joined. In most instances, any
foreign substances on the workpiece surfaces are
vaporized by the high heat of welding. Careful
selection, cleaning, and preparation of materials
are the best means of minimizing failures from
inclusions of any type.

Porosity. Weld pulse-time schedules must be
very carefully developed to avoid the formation
of voids and porosity. Cleanness of workpiece
surfaces and avoidance of low-boiling alloy con
stituents, such as zinc, are also important in mini
mizing voids.

Inadequate Penetration. Generally, the pene
tration that can be achieved with a laser beam
increases with the square root of the available
pulse time and of the thermal diffusivity of the
metal being welded. However, at the same time,
high surface reflectivity may be a cause of re
duced energy input and inadequate penetration.
Simply raising the energy level to compensate for
high reflectivity may exceed the intensity limits
and produce vaporization and holes. One tech
nique to overcome this difficulty is to apply a
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suitable thin absorptive coating, such as an ano
dize or black oxide, that will decrease the surface
reflection without affecting the metallurgy of the
weld. Metal surfaces can sometimes be rough
ened to obtain lower reflectivity. An ideal tech
nique when the workpiece shape permits, how
ever, is to arrange the surfaces to be joined so that
the weld is in a crevice or hole that can act as a
black body, which is a perfect absorber. In this
case, the high reflectivity is an advantage, guar
anteeing that melting will occur only at the in
tended area.

Poor Weld Shape. The most favorable joint
configuration for pulsed laser beam welding is
probably the lap joint, although sound welds can
also be made with other types of joints. In any
configuration, the important factors are process
variations, because these have a definite influ
ence on weld quality. At the desired laser energy
output, for example, a 10%change in output pro
duces a 4% change in weld strength. Focusing
distance is likewise important to weld strength.
For a 50-mm (2-in)focal length, variations in posi
tion of up to ±1.3mm (±0.05 in.) will still produce
acceptable welds. Even though no separation be
tween wires in a lap joint is recommended, some
degree of separation can be tolerated.

Poor welds can also be caused by variations in
alignment of the axis of the joint with respect to
the axis of the laser beam. Weld failures may thus
be attributed to the use of fixtures that were in
adequate to position and hold the workpieces
with the necessary precision.

A further factor influencing weld shape and
weld strength is the environment in which the
laser functions. The laser beam will be modified
by any condition that will absorb radiant energy,
such as smoke, weld spatter, water vapor, or
condensates on the ruby, lens, or mirror surfaces
of the equipment. Clean deionized cooling water
through the optical cavity, dry; nitrogen gas flow
through the laser chamber, an exhaust fan for the
welding chamber, and regular replacement of the
glass slide over the objective lens all represent
desirable procedures to maintain constant laser
beam input energy to the weld joint.

Base-Metal Cracking. When laser beam en
ergy is put into the weld at too high a rate, the
surface may not only suffer from vaporization
but base-metal cracking may also occur from
thermal shock. This relates to the limitations of
thickness that can be welded, which in turn de
pend on the thermal properties of the metal, its
vaporization characteristics, and reflectivity.
Generally, longer pulse times are needed to weld
the lower thermal conductivity metals and
higher pulse-energy densities are necessary in
welding high-reflectivity and high-melting-point
alloys. The need for precisely developed weld
schedules and controls is thus apparent.
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Chapter 13

Properties of Carbon
Alloy Steel Welds*

THE PROPERTIES of carbon alloy steel weld
ments depend on a number of factors. Considera
tion must be given to the compositional effects of
the base metal and welding consumable and to
the different welding processes used. Because
steels undergo metallurgical transformations
across the weld and heat-affected zone (HAZ),
microstructures and morphologies become im
portant. A wide range of microstructures can be
developed based on cooling rates, and these mi
crostructures depend on energy input, preheat,
metal thickness (heat sink effects), weld bead
size, and reheating effects due to multipass weld
ing. As a result of their different chemical compo
sitions and weld inclusions (oxides and sulfides),
weld metal microstructures are usually signifi
cantly different from those of the HAZ and base
metal. Similarly, properties across the weld zone
can also vary.

This article reviews the fundamental and spe
cific factors that control the properties of steel
weldments in both the weld metal and HAZ. The
influence of welding processes, welding consu
mables, and welding parameters on the weld
ment properties are emphasized. The service
properties of weldments in corrosive environ
ments and subjected to cyclic loading are also
considered.

Heat-Affected Zone

In terms of materials selection, the service char
acteristics of the HAZ should be emphasized
more than those of the weld metal. The metallur-

gical and mechanical properties of the HAZ are
directly related to the selected base metal, even
though they can be modified bywelding parame
ters and postweld heat treatment (PWHT). In
addition, any metallurgical and/or weldability
problems associated with the HAZ charac
teristics will be more difficult to handle than
those associated with the weld metal. Welding
problems that occur in the weld metal can often
be overcome by changing the welding electrode
and/or other welding consumables, but prob
lems with the HAZ sometimes can be resolved
only by changing the base metal, often an exces
sively costly measure, or by changing the heat
input.

Various empirical carbon equivalents (CEs)
have been used to evaluate the weldability of the
base materials. In the United States and Europe,
the International Institute of Welding (IIW) equa
tion is most common:

CE(IIW) =C + ~n + Cu1~Ni + Cr + ~o + V (Eq 1)

In Japan, the Ito-Bessyo composition-charac
terizing parameter, Pem, is more widely used (Ref
1). Compared with the CE(IIW), this carbon
equivalent is considered to allow a more realistic
assessment of the weldability of low-carbon
steels:

Si Mn+Cu+Cr Ni Mo V
Pcm=C+30+ 20 +60+15+1O+ 5B

(Eq2)

*Reprinted fromASM Speciq/ty Handbook, Carbon andAlloy Steels, 1996
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process, so a continuous cooling transformation
(CCT) diagram is more appropriately used to
predict the microstructures in the HAZ.

The cooling rate is closely related to plate thick
ness, joint geometry, and welding heat input. The
cooling rate that is often most critical in welding
applications fallsbetween 800and 500°C (1470to
930 OF). As the welding heat input is increased or
the plate thickness is reduced, the cooling rate
between these temperatures is reduced. (The ef
fects of welding parameters on the HAZ cooling
rate are discussed in detail later in this article.)

Effect of Alloying Elements on the HAl

Fig. 1 Relationship between heat-affected zone (HAZ) volume
fraction of martensite and the Pancarbon equivalents of

thermally cycled specimens. Four thermal programs are included:
(1) peak temperature (Tp) = 1350 °C (2460 OF), cooling time from
800 to 500°C (M8/5) = 3 s; (2) Tp = 1000 °C (1830 OF), MB/5= 3 s;
(3) Tp =1350 °C (2460 OF), MB/5 = 13 s; (4) r, =1000 °C (1830 OF),
M8/5 = 13 s. Source: Ref 3

Yuroka et al. (Ref 2) have developed a carbon
equivalent number (CEN) that incorporates the
CE(IIW) and the Pern. The CEN is similar to the
Pern for steels with carbon levels less than 0.17%,
and it is similar to the CE(IlW) for steels with
high carbon levels:

where A(C) = 0.75 + 0.25 tan/h [20(C- 0.12)].
These carbon equivalence expressions were in

itially developed to characterize the hydrogen
induced cracking tendency for steel plates, but
they also have been used to assess the har
denability of steels based on their chemistry. Fig
ure 1 illustrates the correlation between carbon
equivalent. Pa«, and the martensite volume in
both the coarse-grained region and the grain-re
fined region of the HAZ (Ref 3). As the Pern in
creases, the martensite volume and hardness in
crease in both regions.

Various regions in the HAZ of ferritic steels
have been defined and characterized using a spe
cific peak temperature of the HAZ weld thermal
cycle in conjunction with an iron-carbon equilib
rium phase diagram (Ref 4). These regions,
shown in Fig. 2, are classified as coarse-grained,
fine-grained (or grain refined), intercritical, sub
critical, and partly molten. However, the metal-

-lurgical behavior in the HAZ that undergoes
rapid heating and cooling is a nonequilibrium

(
Si Mn Cu Ni

CEN=C+A(C) -+-+-+-
24 6 15 20

Cr+Mo+Nb+ V )
+ 5 +5B (Eq3)

The effects of major alloying elements in carb
on and low-alloy steels on HAZ microstructure
and toughness are summarized below (Ref3).

Carbon has a tremendously important role in
the overall hardness of welded steels. This can be
clearly seen by its role in the CE(IlW) and Po«
equations. An increase in carbon level promotes
the formation of lower-temperature transforma
tion products, such as bainite and martensite,
and leads to a significant reduction in HAZ cleav
age resistance.

Manganese. In addition to producing solid-so
lution hardening, manganese can lower the
transformation temperature of austenite to ferrite
while providing strengthening effects by grain
refinement. However, the level of manganese
should be limited to minimize solidification seg
regation and microstructural banding.

Chromium is a solid-solution strengthener and
carbide former. It increases the hardenability of
steels and improves oxidation and corrosion re
sistance. The addition of chromium can be favor
able in cases where the precipitation of chro
mium carbides suppresses the formation of
ferrite side plates through a pinning effect.

Nickel has a beneficial effect on steel transfor
mation, similar to that of manganese, by lower
ing the austenite transformation temperature.
The addition of nickel also can improve tough
ness and provide a solid-solution hardening ef
fect.

Vanadium and niobium are added in small
quantities in high-strength low-alloy (HSLA)
steels to obtain the desired mechanical proper
ties. By forming V(C,N) and Nb(C,N), the vana
dium and niobium can retard the recrystalliza
tion and grain growth of austenite during rolling
and normalizing. During fusion welding, espe
cially with high heat input, V(C,N) and Nb(C,N)
dissolve in the HAZ with peak temperatures
greater than 1100 °C (2010 OF) and reprecipitate
during slower cooling. The reprecipitation of
V(C,N) and Nb(C,N) impairs the toughness of
theHAZ.
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Controlling Toughness in the HAl

Fig.3 Damaging effect of inclusion content on weld metal
toughness

generally tend to be fine grained with basic flux
and somewhat coarser with acid or rutile (Ti02)
flux compositions.

Filler Metal. Alloying elements in the filler
metal, such as manganese, nickel, molybdenum,
chromium, and vanadium, are very effective in
promoting the formation of acicular ferrite over a
greater range of weld cooling rates. An optimum
alloy addition, however, is usually required to
provide maximum weld metal toughness (Fig.5).
Ductility is adversely affected by quantities of the
elements larger than optimum composition.

Means of Improving Toughness. The most se
rious problem confronting the use of cost-effec
tive, high-heat-input welding processes, such as
electroslag and submerged arc, is the severe loss
of toughness in the weld centerline and in the
coarse-grained HAZ at the weld interface (Fig.4).
Several means of increasing weld and HAZ
toughness levels have been identified: (a) judi
cious alloying and low carbon content, (b) special
fluxes, (c) a device that produces high convec
tion, (d) vibration, (e) narrow-gap techniques,
and (f) supplemental powdered metal additions.
The most practical methods employ combina
tions of low-carbon, alloyed filler metal to pro
mote acicular ferrite while 'retarding polygonal
and grain-boundary ferrite and the low inclusion
content provided by semibasic or basic fluxes.

The HAZ toughness is much more difficult to
control because it is part of the base metal. Small
improvements in HAZ toughness havebeen real
ized by using low-heat-input welding tech
niques, including narrow gaps, high welding
speeds, and powder metal additions. The great
est potential to increase HAZ toughness lies in
the use of high-heat-input steels (Ref 7). These
special alloy steels, which contain titanium and
nitrogen additions, are designed to resist grain
coarsening in the HAZ.

Postweld normalizing of submerged arc and
electroslag welds offers the greatest improve
ment in toughness in both the weld and HAZ.
Normalizing produces a uniform, fine-grained
structure throughout the weld joint.

The use of a filler metal is common in many
fusion welding processes. To select the proper
filler metal!electrode, the primary considera
tions are whether the weld metal can be pro
duced defect-free and whether the weld metals
are compatible with the base metal and can pro
vide satisfactory properties. These characteristics
are determined by the:

Chemistry of the electrodes
Dilution of the base metal
Flux system or shielding gas

Weld Metal
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Unlike face-centered cubic metals, which are
ductile at all temperatures, body-centered cubic
metals such as steel undergo a ductile-to-brittle
transition at a temperature that is substantially
influenced by metallurgical factors, including
microstructure, grain size, carbon and alloy con
tent, and inclusion content. Unexpected brittle
behavior in an engineering structure because of
this transition could cause a catastrophic failure.

Microstructure. Excellent toughness can be
achieved in steel weld metal if the microstructure
is essentially acicular ferrite with only a trace of
grain-boundary ferrite, minimal bainite, and no
martensite. Unless the carbon content is ex
tremely low, fully bainitic and/or martensitic
structures must be avoided. The grain size and
oxide inclusion content should be as minimal as
welding conditions permit. Figure 3 shows that
reduced inclusion content of a weld increases the
weld-metal toughness.

Welding Process. The prior-austenite and
acicular ferrite grain sizes are small and the inclu
sion content is negligible in welds deposited by
the gas-tungsten arc, shielded metal arc, and gas
metal arc welding processes. Therefore, these
methods are the best means of obtaining welds
with excellent toughness in the as-welded condi
tion (Fig. 4). The HAZ toughness values of the
resulting welds are generally good because of the
fine HAZ grain size, characteristic of low-heat-in
put welding methods.

Hardness levels are lowest for high heat inputs,
such as those produced by submerged arc weld
merits, and are highest for low-energy weld
ments (with faster cooling rates) made by the
shielded metal arc process. Depending on the
welding conditions, weld metal microstructures



Properties of Carbon Alloy Steel Welds / 221

Electroslag
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Fig. 4 Effectof welding process on weld metal toughness for low-alloy steels. Source: Ref5

Manganese in weld, %

Fig. 5 Relationship between toughness and manganese con
tent in low-alloy steel welds. Source: Ref6

hardness and notch toughness of weld metal are
illustrated in Fig. 7.

Dilution. The melting of base metal and the
subsequent mixing with filler metal causes the
final chemistry of the weld deposit to be between
that of the base and filler metals. When a filler
metal has the same chemistry as the base metal,
the final weld metal chemistry remains the same,
theoretically. Depending on the amount of base
metal added, the final chemistry of the weld de-
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Weld-pool solidification and subsequent
cooling and transformation

The selection of the proper filler metal is based
not on the chemistry of the base metal, but rather
on matching the weld metal and base metal serv
ice properties. Using a filler metal with a chemis
try identical to that of the base metal may not
provide the desired results, because the micro
structures of the weld metal are entirely different
from those of the base metal. For most carbon and
low-alloy steels, the solidification and rapid cool
ing rate involved in fusion welding result in a
weld metal that has higher strength and lower
toughness than the base metal when they are of
the same chemistry. Consequently, the filler met
al often contains a lower carbon level than the
base metal. The strength of the weld metal is
improved not by increasing the carbon content,
but by adding the alloying elements that provide
solid-solution or precipitation strengthening and
modification of the microstructures (Ref8).

The weld metal microstructure in carbon and
low-alloy steels contains a variety of constituents,
ranging from blocky ferrite to acicular ferrite to
bainite to martensite. The effects of alloying ele
ments and cooling on the weld metal microstruc
ture are expressed in the CCT diagram shown in
Fig. 6. The effects of alloying elements on the
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Fig. 6 Schematic continuous cooling transformation diagram for steel weld metal summarizing the possible effect of microstructure and
alloying on the transformation product for a given weld cooling time. Source: Ref4

posit can be approximated using the dilution
equation:

Dilution, %

=(Weightof parent metalmelte~100 (Eq 4)
Total weight of fused metal )

In a single-pass weld, certain element contents
in the weld metal can be approximated using the
following formula: Specific element in weld met
al equals (that element in the base metal multi
plied by the dilution) plus (that element in the
filler metal multiplied by [1 - dilution]). In some
cases, greater dilution is favorable, considering
the less drastic change in mechanical properties
and other properties across the fusion boundary.
However, in applications involving weld clad
ding or hardfacing, it is more desirable to mini
mize the dilution, because filler metal contains
more expensive alloying elements tailored to im
part specific weld metal properties. When there
are concerns that the base metal may introduce
undesired impurities and/or alloying elements,
welding practices that lower the dilution are rec
ommended. This also includes consideration for
phosphorus and sulfur and for higher carbon and
silicon contents, which adversely affect the prop
erties of weld metal.

Single-Pass versus Multipass Welding

In terms of mechanical properties, especially
toughness, multipass weld metal is usually better
than single-pass weld metal:

The reheat thermal cycle of each subsequent
welding pass normalizes and refines portions

of the microstructure in the previous weld
metal.
Subsequent weld runs temper the previous
weld metal and reduce residual stresses from
previous runs.
The total energy input per pass is reduced in
multipass welding, which is helpful for limit
ing the amount of grain growth.
Previous weld passes provide a certain pre
heat that slows down the cooling rate of the
subsequent pass.

Figure 8 shows that the weld-metal ductility
(cross-sectional area) increases as the total grain
refined area is increased (Ref10).

In contrast, when an active flux is used in sub
merged arc welding, the number of weld passes
applied in a joint should be limited. There is a
tendency for alloying elements (such as silicon
and manganese) to build up during multipass
welding, which impairs the fracture toughness
values in the final weld pass.

Effect of Welding Procedures on
Weldment Properties

The American Welding Society defines a weld
ing procedure as the detailed methods and prac
tices that include all joint welding procedures
involved in the production of a weldment (Ref
11). A comprehensive review of the relationship
between procedures and weldment properties
drew the following conclusions.

First, for any welding process/steel combina
tion, welding procedures have a predominant
role, along with the electrode (if a filler metal is
used), in determining the quality and mechanical
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properties of the weldment. However, welding
procedures and mechanical properties do not
have a direct cause-effect relationship.

Second, the mechanical properties of any metal
are attributable only to its soundness, micro
structure, and chemical composition, and to
whether or not it is base plate, weld metal, vapor
deposited metal, electrodeposited metal, or an
other type. The response of a metal to mechanical
forces depends on its current state, not on the
manner in which this state was created.

Third, metallurgical research has established
relationships between mechanical properties and
microstructure, such as the inverse relationship
between grain size and strength, the difference in
strength between pearlite and martensite, the
embrittling effect of grain-boundary films, the
deleterious effect of inclusions, and others. Con
versely, there is no direct relationship between
the current setting of a welding machine and the
final properties of the weldment. The true cause
and-effect relationship is that:

Increased current introduces more heat into
the alloy.
Increased heat affectsthe structure ofboth the
weld metal and HAZ in a particular manner,
depending on the alloy chemistry, the phases
that are present, and other factors.
Differencesin structure produce differentme
chanical properties.

The sections below describe the specific welding
procedure factors that affectweldment properties.

Preheat Temperature

Preheating is the application of heat to the base
metal immediately before welding, brazing, sol-

dering, or cutting (Ref12).The preheat tempera
ture depends on many factors, such as the com
position and mass of the base metal, the ambient
temperature, and the welding procedure. Pre
heating is used to:

Reduce shrinkage stresses in the weld and
adjacent base metal, which is especially im
portant with higWyrestrained joints
Provide a slower rate of cooling through the
criticaltemperature range (approximately 880
to 720°C, or 1600to 1330oF),which prevents
excessivehardening and lowers the ductility
of both the weld and the heat-affected area of
the base plate
Provide a slower rate of cooling down to 205
°C(400 OF), allowing more time for any hydro
gen that is present to diffuse away from the
weld and adjacent plate in order to avoid un
derbead cracking

Gas torches, gas burners, heat-treating fur
naces, electric-resistance heaters, and low-fre
quency induction heating are some of the pre
heating methods used. The method selected
depends on several factors, such as the preheat
temperature, the length of preheating time, the
size and shape of the parts, and the type of pro
duction (one-of-a-kind or continuous).

For critical applications in which the preheat
temperature must be precise, controllable heat
ing systems are used, and thermocouples are at
tached to the part being heated. The thermocou
ple measures the exact temperature of the part
and provides a signal to a controller, whichregu
lates the fuel or electrical power required for
heating. Most code work requires precise tem
perature control.
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Table 1 Effect of preheat and stress relieftreatment on transition temperature of welded steels

19 mm(3/4In.), 0.18% C,semikilledsteel 19 mm (314 In.), 0.24% C,semikilledsteel
Ductilitytransition Fracturetransition Ductilitytransition Fracture transition

temperature temperatwe temperature temperatwe
Conditionofplate °C OF °C of °C of °C of

As-rolled plate -79 -110 -1 30 -40 -40 66 150
Welded at 20°C (70 oF) -18 0 -9 15 17 62 68 155
Welded at 65 °C (150 oF) -42 -44 -9 15 19 67 66 150
Welded at 120°C (250 oF) -57 -70 -18 0 18 65 54 130
Welded at 250 °C (400 oF) -36 -32 -18 0 -1 30 49 120
Welded at 260°C (500oF) -50 -58 -46 -50 -18 0 82 180
Weldedat20°C (70 oF)and stress -51 -60 -18 0 -18 0 60 140

relieved at 620°C (1150oF)
Welded at 40°C (100oF)and stress -58 -73 -7 +20

relieved at 620°C (1150oF)

Note: Ductility-transition temperature selected at 1%lateral contraction; fracture-transition temperature selected at50% shear. Source:
Ref9

The effect of preheat is illustrated by the data in
Table 1. The extent to which the ductility and
fracture-transition temperature are affected de
pends on the chemical composition of the steel.
Changes in preheat temperature for the steel with
0.24%Cwere effective only above 120°C (250OF),
whereas for the steel with 0.18% C, the changes
were effective from 21 to 260°C (70 to 500 OF).

Interpass Temperature

The interpass temperature, a factor in multi
pass welds, is the temperature (minimum or
maximum as specified) of the deposited weld
metal and adjacent base metal before the next
pass is started.

Usually, a steel that requires preheating to a
specified temperature must be kept at that tem
perature between weld passes. For many weld
ments, the heat input during welding is adequate
to maintain the interpass temperature. However,
on a massive weldment, it is not likely that the
heat input will be sufficient, and torch heating
between passes may be required.

Once an assembly has been preheated and
welding has begun, it is desirable to finish weld
ing as soon as possible in order to avoid the need
for interpass heating.

The purpose of preheating is to reduce the cool
ing rate, so it follows that the same slow cooling
should be accorded all passes. This can only be
accomplished by maintaining an interpass tem
perature that is at least equal to the preheat tem
perature. Otherwise, each bead will be subjected
to the same high quench rate as the first bead of
a nonpreheated assembly.

The required minimum temperature should be
maintained, based on specific steel type, welding
process, and plate thickness. When heat buildup
becomes excessive, the weldment must be al
lowed to cool, but not below the minimum inter
pass temperature. The temperature of the weld-

ing area must be maintained within minimum
and maximum interpass temperatures.

Postweld Heat Treatment

A PWHT is generally necessary for welds in
thicker-section steels, to reduce the high as
welded residual stress levels and improve the
toughness and defect tolerance of the joint. Many
fabrication codes offer guidance on the duration
and temperature of the PWHT, although there
are some discrepancies between various codes. In
assessing the time and temperature required to
provide a suitable PWHT, it is necessary to know
how such parameters will respond to various
heat treatment schedules. Information regarding
specific PWHT schedules can be found in Ref 13.
The following example illustrates how a PWHT
can influence weld properties.

Example 1: Effects of PWHT on the HAZ
Properties of Welds in a Carbon-Manganese
Grade Steel. An investigation of the effects of
PWHT has reported the variation in HAZ prop
erties (strength, hardness, and toughness) with
different PWHT parameters (Ref 14). The tests
were carried out on 50 mm (2 in.) thick BS1501
225-490B-LT50 steel samples manufactured by
the British Steel Corporation. The steel was a
carbon-manganese grade that had been silicon
killed and microalloyed with aluminum and nio
bium. This grade was chosen because it is being
used increasingly often in pressure-vessel appli
cations and also because it is similar to BS4360
grade 50E, a steel used in many offshore fabrica
tions and other structures. The submerged arc
welding process was used with a heat input of
approximately 3.4 kJ/mm (89 kJlin.) of the fill
passes. In addition, the effects of multiple PWHT
cycles, often necessary in pressure-vessel fabrica
tion or in cases where repairs have been made,
were investigated in the same manner.
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Heat Input

The welding process and procedure both influ
ence the energy input used to make a weld. The
greater the energy input, the slower the cooling
rate. Heat input is a function of welding current,
arc voltage, and travel speed. To increase the heat
input, either the welding current should be in
creased or the travel speed should be reduced.
Welding current is related to the process and the
electrode size. Heat input is calculated by:

The effect of multiple PWHT cycles is shown in
Fig. 14. Multiple PWHTs had little influence on
HAZ or plate hardness, where peak HAZ values
of less than 240 HV were obtained and plate
values were approximately 140 to 160 HV. In all
welds, the hardness at the plate rnidthickness
was slightly higher than at the surfaces because
of the presence of a segregated band, as is fre
quently observed in continuously cast steel.

Weld metal hardness shows a more noticeable
effect when exposed to multiple stress-relief cy
cles.Welds 1 and 2had a fairly uniform hardness
of approximately 200 HV, but after the third
PWHT cycle, weld metal hardness levels
dropped to 160to 220HV, with the lowest values
at the weld rnidthickness.

Figure 15 shows that there was only a slight
reduction in HAZ hardness as PWHT time in
creased. Plate values were unaffected. The weld
metal behaved in a nonsystematic manner. Val
ues between approximately 190and 210HV were
observed after 1 h, increasing to approximately
200 to 220 HV after 2 h, and decreasing to ap
proximately 160 to 195 HV after 4 h.

Figure 16 shows that plate and HAZ hardness
levels were fairly insensitive to PWHT tempera
ture. There were no trends in the variation of
hardness with temperature, but a slight drop in
plate hardness was observed. Weld metal hard
ness appeared to decline after a 650°C (1200 OF)
PWHT, where values of approximately 180to 190
HV were recorded. This compared with values of
approximately 190 to 210 HV, which were re
corded at 550 and 600°C (1020and 1110 OF).

Conclusions. Increasing the PWHT time at 600
°C (1110 OF), whether by prolonging single treat
ments or by using multiple treatments, had little
effect on the mechanical properties. In addition,
increasing the PWHT temperature from 550 to
650°C (1020to 1200 OF) produced no significant
drop in HAZ strength or hardness. However,
there was evidence for a drop in the HAZ Charpy
V-notch toughness at the plate rnidthickness with
increasing temperature.

Longitudinal tensile tests of the HAZ were con
ducted, and the data are plotted in Fig. 9(a). No
significant effect due to multiple stress-relief cy
cles was noted in the HAZ regions. The values
observed exceeded the plate minimum require
ments. Adequate ductility and elongation values
were observed at 600°C (1110 OF). Figure 9(b)
indicates no significant effect of PWHT time on
the HAZ yield stress, tensile strength, and ductil
ity at this temperature. The data plotted in Fig.
9(c)indicated that only minor reductions in yield
stress and tensile strength were observed with
increasing PWHT temperature. No significant ef
fects on ductility were observed.

Charpy Tests. Five testing temperatures were
chosen, and three specimens were tested at each
temperature: -80 °C (-112 °F),-60 °C (-76°F),-40
°C (-40 OF), -20°C (-4 OF), and 0 °C (32 OF). For
the welds, one specimen was taken from the first
side of the HAZ, one from the second side of the
HAZ, and one from the HAZ at the plate
rnidthickness, which was associated with sec
ond-side welds. The data in Fig. 10 show that
multiple PWHT cycles had only a marginal ef
fect. A slight increase in the number of low values
at low temperatures was observed at two and
three cycles, particularly from specimens ma
chined from the plate rnidthickness.

Extended PWHT did not lead to an appreciable
variation in HAZ Charpy properties from the
(¥4)t and (%)t weld thickness (t) locations, but a
pronounced drop in absorbed energy levels was
observed after 4 h in specimens machined from
the plate rnidthickness (ll2)t. This is clearly shown
in Fig. 11, in which the toughness at the plate
rnidthickness appears to fall off with time. This is
not the case for the (¥4)tlocations.

The effects of increasing the PWHT tempera
ture are shown in Fig. 12, which shows that there
is no pronounced effect of temperature on tough
ness, except at the plate rnidthickness. Here, there
seems to be a trend of increasing transition tem
perature with increasing PWHT temperature.

Hardness Survey. Hardness traverses were con
ducted in the macrosection from each weld after
PWHT, reaching from the parent plate (which
was unaffected by welding) into the weld metal.
Similar traverses were made on welds 1 and 2 in
the as-welded condition. On each macrosection,
three traverses were made: 3 mm (0.12in.) below
the surface of the first side; at the plate rnidthick
ness; and 3 mm (0.12in.) below the surface of the
second side. In all cases, a 10 kgf load was used
on a Vickers hardness machine.

The as-welded hardness data from welds 1 and
2 are shown in Fig. 13.Plate values were approxi
mately 170 to 180 HV, and weld metal values
were 200to 220HV. The peak HAZ hardness was
below 240 HV. HE=EI

60
S

(Eq5)



NNee
.....IT

I
:::l
~:i"IIIIII..S·
~"Ca"CIII~

ifs.~IIIis:
'"

185
;§.

148=~
111

~CD
"0CD

74
-e1il

37
~

0 220

o 32

~
o

-4
0

-2
0

T
e

m
p

e
ra

tu
re

,o
C

T
e

m
p

e
ra

tu
re

,
o

f

-76
-4

0
-4

-
-

I

~

IIII
50

-8
0

o

100

150

250

200

300
-112

220

185
;§

....,
.

148=
~

~
CD<

:
111

CD
CD

<
:

"0
CD

CD
"0

-e
CD

0
74

-e
V

l
0

.c
V

l
«

~
370

o 32

~
o

-4
0

-20
T

e
m

p
e

ra
tu

re
,

°C

T
e

m
p

e
ra

tu
re

,
o

f
-7

6
-4

0
-4

-8
0

-112-
~
-

III
C

)

II

o 50

100

150

250

300

200

220

185
;§

148
;.

....,

>
.
~

!:'
CD<

:
111

CD
CD

<
:

"0
CD

CD
"0

-e
CD

74
-e

0V
l

0
.c

V
l

«
.c

37
«

0
o 32

~
o

-4
0

-2
0

T
e

m
p

e
ra

tu
re

,o
C

T
e

m
p

e
ra

tu
re

,
OF

-76
-40

-4

-8
0

-112

0
)

0

II
0

II
o

(1/4)
t.(3/4)

t

e
(
1

/
t
t
r

e

100

150

300o 50

250

....,~
200

CD<
:CD

"0CD
-eg~

(a)
(b)

(e)

Fig.10
E

ffectof
m

u
ltip

le
p

o
stw

e
ld

heattre
a

tm
e

n
t(P

W
H

D
cycles

on
the

C
harpy

V-notch
properties

o
fth

e
heat-affected

zone
in

a
carbon-m

anganese
grade

steel.(a)W
eld

1;P
W

H
l;1

x
2h.

(b)W
eld

2;
P

W
H

l;
2

x
2h.

(c)W
eld

3;
P

W
H

l;3
x

2h.
S

ource:
R

ef14

T
e

m
p

e
ra

tu
re

,
o

f

220
-112

-76
-4

0
-4

32
220

300

(

185
250

185
;§

;§

148
::

....,
.

~
200

148
=

>
.

I
~

!:'
CD<

:
111

CD
CD

150
111

~
<

:
"0

CD
CD

CD
"0

-e
"0

CD
CD

74
-e

0
100

74
-e

V
l

0
~

s
V

l
.c

.c
37

«
50

37
«

1
0

0
0

-8
0
~

-4
0

-2
0

0
T

e
m

p
e

ra
tu

re
,o

C

(e)

o 32

-6
0

-4
0

-20
T

e
m

p
e

ra
tu

re
,o

C

T
e

m
p

e
ra

tu
re

,
of

-112
-7

6
-4

0
-4

o
-8

0

50

(b)

100

150

250

200

300
220

185
;§

148
;.

....,>
.

>
.

!:'
!:'

CD<
:

111
CD

CD
<

:CD
"0

"0
CD

CD
-e

74
-e

0V
l

0
.c

V
l

«
.c

37
«

0
o 32

~
o

-4
0

-20
T

e
m

p
e

ra
tu

re
,o

C
-80

T
e

m
p

e
ra

tu
re

,
o

f

-112
-76

-4
0

-4

(a)

IIII

o
(114)

t,(3/4)
t

I

e
(l /rr

150

100o 50

300

250

....,>
.

200
!:'
~CD
"0CD
-eg.c«

Fig.11
E

ffectof
postw

eld
heattreatm

ent
(P

W
H

D
tim

e
at600

O
(

(1110
OF)on

the
(h

a
rp

y
V-notch

properties
o

fth
e

heat-affected
zone

in
a

carbon-m
anganese

grade
steel.(a)W

eld
5;

P
W

H
T

tim
e,

1
h.(b)W

eld
1;

P
W

H
T

tim
e,

2
h.(c)W

eld
6;

P
W

H
T

tim
e,

4
h.S

ource:R
ef14



Fig.12
E

ffectofpostw
eld

heattreatm
ent(P

W
H

n
tem

perature
on

the
C

harpy
V

-notch
properties

ofthe
heat-affected

zone
in

a
carbon-m

anganese
grade

steel.(a)W
eld

4,
5

5
0

°C
(1020

O
F).(b)W

eld
1,600

°C
(110°F

).(c)W
eld

7, 6
5

0
°C

(1200
O

F).S
ource:R

ef14

"l:l

a"Ct=~iirtil

S
,

nQ
I

a-e::::l

~0
'

-eII'>

 t=!E.
:Et=c::til
<

,

"""" I.C

185
;£.

148=-:~
111

'" c:'" "0'"
74

-e0V
I

.D

37
«

0 220

o 32

-6
0

-4
0

-2
0

T
em

perature,oC
-8

0

(e)

II

(

II
(

o 50

150

100

250

200

T
em

perature,
O

F

300
-1

1
2

-7
6

-4
0

-4

;£
..,

=
~

,;.~
'" c:

'"
'"

c:
"0

'"
'"

"0
-e

'"-e
0V

I
0

.D
V

I
«

.D«

74

37o 148

185

220

111

o 32

-6
0

-4
0

-2
0

T
em

perature,oC
-8

0
o 50

(b)

250

200

150

100

T
em

perature,
of

-1
1

2
-7

6
-4

0
-4

300

;£
..,

.
Ei

148=,;.
'"

~
c:

'"
'"

111
c:

"
0

'"
'"

"
0

-e
'"

0
74

-e
V

I
0

.D
V

I
«

.D«
370 220

185

o 32

-6
0

-4
0

-2
0

T
e

m
p

e
ra

tu
re

,o
C

-8
0

Ca)

I

o
(1/4)

t,(3/4)
t

I
e(1T

tt
:>

Io

250

T
em

perature,
o

f
-1

1
2

-7
6

-4
0

-4
30050

..,,;.
200

~'" c:'"
150

"
0'"-e~

100
:i



230/ Engineering Properties of Welds

260.-----------------.
o • 3 mm 'rom plale surface

'/';. Plate midthickness

9.
o 220 1----------,1.'~':___:_-----I
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J: 180 1--------'<::----=-.....,..--+-------1

260.----------------,

~ 220 I--------!ti.-------+"'-------==----j
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~
"E
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HAZ Weld metal HAZ Weld metal
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(b)

Fig.13 As-welded hardnessdata for two welds in a carbon-manganese grade steel. (a)Weld 1. (b) Weld 2. HAZ, heat-affected zone.
Source: Ref 14

where HE is the energy input in joules per
linear measure of weld, E is the arc voltage in
volts, 1is the welding current in amperes, and S
is the travel speed (linear measure) per minute.
Increasing the amperage or voltage increases the
heat input, but increasing the travel speed de
creases the heat input. The voltage has a minor
effect, because it varies only slightly compared
with the other factors.

In general, higher input reduces the cooling
rate. With quenched and tempered steels, too
high a heat input tends to soften the HAZ and
reduce its strength level. High heat inputs are
also a concern with thermomechanically control
led processed (TMCP) steels, because slow cool
ing in the HAZ at high heat inputs can unfavor
ably alter the microstructure of these steels.
Figure 17shows the hardness profiles in the HAZ
of a TMCP steel that was welded using various
heat inputs.

In relatively low-hardenability steels, it is pos
sible to produce an unhardened HAZ by increas
ing the heat input. In higher-hardenability steels,
the tendency toward cracking and the maximum
hardness will be reduced by a slower cooling
rate.

There are limits to the amount of heat input
that can be used. Preheating can be used to re
duce cooling rates.

Example 2: Effect of Heat Input on Properties
of HY-80 and HSLA-80 Weld Metals. The low
alloy quenched and tempered steels are already
in a heat-treated condition, so any heating be
yond a certain temperature will destroy the prop
erties developed in them by the manufacturing
process. A study was conducted to assess the
influence of composition and energy input on the
structure and properties of single-pass, sub-

merged arc bead-in-groove welds produced on
BY-80 and HSLA-80 steels (Ref16).

Table 2 gives the chemical composition of the
high-strength steels and the welding electrodes
used in the study. Table 3 lists the welding condi
tions. The single-pass welds were produced at
energy input levels of 1, 2,3, and 4 kJI mm (25,50,
75, and 100 kJlin.). The size of the machined
grooves was increased to accommodate the in
crease in energy input, while maintaining the
same level of dilution (50%) from the base plate.

Effect on HY-BO Tensile Properties. As shown in
Table 4, for the HY-80weld deposited at 1 k]/rnm
(25 kJ/in.), the weld metal exhibited very high
yield strength and lower ductility. When the en
ergy input was increased to 4 k]I mm (100k]I in.),
there was a pronounced decrease in yield
strength.

Effect on HY-BO Charpy Properties. Figure 18
shows Charpy impact transition curves for BY
80 welds, based on 5 x 10 mm (0.2 x 0.4 in.)
subsized specimens, and the percentage of duc
tile fracture versus test temperature. For BY-80
welds, the lowest-energy-input weld displayed
the lowest toughness values, despite ductile be
havior at temperatures above -80°C (-110 OF).
Figure 18 shows the variation in proportion of
ductile fracture for the series of BY-80welds. For
2 and 4 kJ/mm (5 and 10 kJ/in.) welds, ductile
fracture occurred at temperatures above -50°C
(-60 OF), with the transition to brittle cleavage
fracture occurring below -50 °C (-60 OF). The 1
and 3 kJ/rnm (25 and 75 k]lin.) welds displayed
fully ductile fracture at temperatures above -80
°C (-110 OF).

Effect on HSLA-BO Tensile Properties. Tensile
property results (Table5) show that the HSLA-80
welds displayed lower strengths and better duc
tilities than the BY-80 welds. A slight decrease
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Table 2 Chemical compositions of high-strength steels and welding electrodes discussed in Example 2

Composition, wl%
Material C Mn Sl S P Nl Cr Mo Cu Nb

HY-80 0.17 0.30 0.19 0.014 0.007 2.59 1.53 0.42 0.03 0.005
HSLA-80 0.06 0.50 0.27 0.004 0.007 0.92 0.66 0.25 1.02 0.044
1005-1 0.07 1.57 0.52 0.004 0.004 1.86 0.03 0.28 0.06
HY-80(a) 0.12-n.18 o.ic-e.sn 0.15--n.35 0.002-n.020 0.020 2.00-3.25 1.00-1.80 0.2o--n.60 0.25
HSLA-80(b) 0.06 0.4o--n.70 0.40 0.006 0.020 0.70-1.00 0.60-n.90 0.15--n.25 1.00--1.30 0.02-n.06
1005-1(c) 0.08 1.25-1.80 0.2o--n.55 0.01 0.01 1.40-2.10 0.30 0.25--n.55 0.30

(a) Military Specification MIL-5-16216J. (b) Military Specification MIL-5-24645A. (c)Military Specifications MIL-E-23765/2C. Source:
Ref 16

Note: Voltage, 35 V; electrode extension, 35 mm; preheat
temperature, 93°C (199 oF).Source: Ref 16

Table 3 Welding conditions for the submerged
arc bead-in-groove welds discussed in Example 2

Notch toughness was related to the packet
size and the relative strength of the micro
structures. The excessivelyhigh yield strength
of the BY-80 weld that was deposited at 1
kJ/mm (25 kJ/in.) resulted in low resistance
to both ductile and cleavage fracture, despite
fine cleavage facets, which corresponded
closely to the martensitic packet sizes (:0 11m,
or 0.2 mil). At a high-energy input, poor
toughness occurred because of an increase in
the packet size for the fully bainitic micro
structure.

kJImm kJ/ln.

0.50
0.31
0.24
0.20

Travel speed

12.5
7.8
5.9
5.1

mmls inJ9

400
450
500
570

Current,
A

25
50
75

100

Energy Input

1
2
3
4

A pronounced decrease in weld metal yield
strength and reduction in hardness were ob
served for the BY-80 welds with increasing
energy input. Poor low-temperature notch
toughness was displayed by both the low
and high-energy input welds, whereas con
siderable improvement occurred for the 2 and
3 kJ/mm (50and 75 kJ/in.) welds.

(45MPa, or 7 ksi) was observed for the HSLA-80
welds, compared with the pronounced decrease
in yield strength (209 MPa, or 30 ksi) for the
HY-80 welds.

Effect on HSLA-BO Charpy Properties. ill the case
of the HSLA-80 welds, only slight variations in
notch toughness were observed, as plotted in Fig.
19.The weld metals deposited at energy inputs of
~ kJ/mm (75 kJ/in.) displayed ductile behavior
down to -80 °C (-110 OF). The transition to cleav
age fracture occurred at temperatures between
-80 and -150°C (-110 and -240 OF), as shown in
Fig. 19. The superior toughness of the HSLA-80
weld metals was generally attributed to the com
bined effect of the acicular ferrite microstructure
and the lower yield strength.

Conclusions. The investigators concluded that:
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Table 4 Tensile properties of submerged arcbead-in-groove weldsdeposited in HY-80 steeldiscussed in
Example 2

Energy input Yield strength U1tlmatestrength Reduct/onin
Weld No. kJlmm kJlln. MPa ksi MPa ksi Elongation,% area, 0/0

HY-80-1 1 25 875 127 1124 163 18 54
HY-80-2 2 50 745 108 930 135 24 59
HY-80-3 3 75 680 99 858 124 25 64
HY-80-4 4 100 666 97 867 126 25 63

Source: Ref 16

Table 5 Tensile properties of submerged arcbead-in-groove weldsdeposited in HSLA·80 steeldiscussed
in Example 2

Energy Input Yield strength U1tlmate strength Reduct/on in
Weld No. kJlmm kJlin. MPa ksi MPa ksi Elongation, % area,%

HSLA-80-1 1 25 640 93 806 117 25 64
HSLA-80-2 2 50 618 90 756 110 28 66
HSLA-80-3 3 75 607 88 720 105 27 65
HSLA-80-4 4 100 595 86 710 103 28 65

Source: Ref 16

Superior notch toughness properties were in
dependent of the energy input for the HSLA
80 welds as a result of the transformation to a
high proportion of acicular ferrite with the
lower yield strengths.

Fatigue Strength of Welded Structures

Fatigue cracks in a welded structure under cy
clic loading often develop at weld toe regions,
because the weld toes are regions of stress con
centration. The toes are the point at which the
base metal and weld metal meet and where
changes are greatest in both sections. More im
portantly, slag intrusions that result from a weld
ing operation are often present at the weld toe
regions.

Various methods have been used to improve
the fatigue strength of welded structures by re
ducing the stress concentration in the regions of
the weld toes and weld reinforcements (Ref 17,
18):

Removing the weld reinforcement on both
sides of a butt joint by machining the weld to
the level of the base metal
Increasing the radius and entrant angle of
weld toes by mechanicallygrinding the inter
sectionregions between the weld and the base
metal
Changing the state of the surface weld resid
ual stress by mechanical cold working of the
weld surface and the base metal at the weld
toe regions

Coating and/or painting the welds and base
metal to prevent corrosion in the region of
stress concentration
Increasing the toe radius and weld entrant
angle by adding a weld bead on both sides of
the reinforcements, using a filler metal with
high fluidity
Using welding conditions that will produce a
greater weld toe radius and entrant angle
Remelting the surface in the weld toe regions
for flattening and smoothing weld profiles,
using the gas-tungsten arc welding process

Fracture Toughness of Welded Structures

Assessing the fracture toughness of structural
steel involves evaluating not only base plate
toughness but also HAZ and weld metal tough
ness. Although both HAZ toughness and weld
metal toughness requirements are usually in
cluded in fabrication specifications, HAZ tough
ness requirements are sometimes specified in the
steel purchase agreement.

The small amount of material at the tip of the
sharp fatigue crack can be examined with crack
tip opening displacement (CTOD)testing (Ref19,
20).This allows detailed evaluation of the tough
ness of different HAZ regions (Ref 21), and iso
lated regions can be identified where toughness
is substantially lower than that of the bulk mate
rial. These local brittle zones (LBZs) have been
detected during testing for crack extension at
stress levels far lower than those at which cracks
extended in the bulk material.
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In most steels, LBZs are associated with the
grain-coarsened regions of the heat-affected zone
(GCHAZ). Figure 2 identifies the different HAZ
regions in a single-bevel multipass weld. Figure
2 also illustrates a method for calculating the
length and the percent of the GCHAZ. Evalu
ation of wide plate tests suggests that fractures
are likely to initiate from GCHAZ where the
grain size is greater than 80 urn (0.0024 in.), or
ASTMNo.4 (Ref 22/ 23).

To reduce welding costs/narrow groove prepa
ration is sometimes used, which may produce a

HAZ that is normal to the loading direction. Fig
ure 20 shows the effect of weld metal strength on
the Charpy V-notch toughness of the HAZ of a
carbon-manganese steel after narrow groove
welding. The yield strength of the steel was 458
MPa (66ksi). Similar results were obtained using
CTOD tests; the grain-coarsened HAZ toughness
decreased (that is, transition temperature in
creased) with increasing weld metal strength.
Therefore, a highly overmatched weld metal
(that is, a high ratio of weld metal yield strength,
Yw, to base metal yield strength, Yb)is not desir-
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I I I I I a I I t I I One study indicates that as long as the percent
age of grain-coarsened regions sampled by the
crack front of CTOD specimens is less than 7%,
no low toughness values can be measured (Fig.
21). Similar evaluations have shown that a major
deterioration in CTOD values results only when
the grain-coarsened regions sampled bythe crack
front exceed 10% (Ref 26).

Steel companies are responding to industry
concerns about LBZs by developing LBZ-free
steels through appropriate microalloying (Ref
27). One report (Ref 28) describes a low-alumi
num, low-boron, medium-nitrogen composition
(0.009% Al, 0,0024% B, 0.0052%N, with no cop
per or niobium additions) that is designed to
nucleate the maximum amount of boron nitride
precipitates during cooling in the initial thermal
cycle in the grain-coarsened HAZ. The chemistry
is intended to promote the austenite-to-ferrite
transformation and to prevent the bainite trans
formation.

Effects of Residual Stresses on the
Service Behavior of Welded StructuresI I I I II I I I I
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Fig. 22 Schematicdistributions ofstresses ina buttweld when
uniform tensile loads are applied and the residual

stressesthat result after the loads are released. Curve0, residual
stressesin the as-weldedcondition;curve1, stressdistribution at (J

= (Jl; curve 2, stressdistribtuion at (J = (J2; curve 3, distribution of
stressesat general yielding;curve1', distribution of residualstress
after(J = (J\ is applied and then released;curve 2'; distribution of
residualstressafter(J = (J2 isapplied and then released

able. The increase in weld metal strength appears
to cause an unfavorable deformation state (con
straint) that reduces toughness and enhances
brittle crack initiation and propagation of grain
coarsened HAZ. These results also suggest that
care must be taken when correlating HAZ tough
ness values based on simulated microstructure
with values obtained from actual welded joints.
The combinationof lower structural redundancy,
higher stresses, and the location of lower
strength HAZs normal to the loading direction
can produce conditions where fatigue cracks can
propagate through more grain-coarsened re
gions, thus increasing the possibility of brittle
fracture.

Toughness values supplied by ASTM and the
American Petroleum Institute are established by
testing under ideal laboratory conditions and
may not reflect actual HAZ toughness values
experienced in the field. Customers should ex
pect toughness values to be lower than those
specified in standards.

Grain-coarsened regions will always exist in
structural steels, but their size depends on the
steel and the welding process used. It is necessary
to identify an acceptable size for these regions.

During welding, the base metal, HAZ, and un
derlying weld passes experience stresses due to
thermal expansion and contraction. Upon solidi
fication, rather high levels of residual stress re
main as a result of weld shrinkage. Only when
certain conditions exist do residual stresses de
crease the fracture strength of welded structures,
but loss of strength can be drastic under these
conditions. Generally, the effects of residual
stresses are significant when fractures occur un
der low applied stress.

Changes ofResidual Stresses in
Weldments Subjected to Tensile Loading

Figure 22 shows how residual stresses change
when a butt weld is subjected to tensile loading.
Curve 0 shows the lateral distribution of longitu
dinal residual stress in the as-welded condition.
When uniform tensile stress (a = (1) is applied,
the stress distribution is shown by curve 1.
Stresses in areas near the weld reach yield stress,
and most of the stress increase occurs in areas
away from the weld. When the tensile applied
stress increases to a2, the stress distribution is
shown by curve 2. The stress distribution across
the weld becomes more even as the level of ap
plied stress increases; that is, the effectof welding
residual stress on the stress distribution de
creases.

General yielding occurs when the level of ap
plied stress is further increased; that is, yielding
occurs across the entire cross section. The stress
distribution at general yielding is shown by
curve 3. Beyond general yielding, the effect of
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residual stresses on the stress distribution virtu
ally disappears.

Curve l' shows the residual stress that remains
after unloading when the tensile stress (o = oi) is
applied and then released. Compared to the
original residual stress distribution (curve 0), re
sidual stress distributions after loading and un
loading are more even. As the level of loading
increases, the residual stress distribution after
unloading becomes more even; that is, the effect
of welding residual stress on the stress distribu
tion decreases.

The effect of residual welding stresses on the
performance of welded structures is significant
only on phenomena that occur under low applied
stress, such as brittle fracture and stress-corro
sion cracking (SCC).As the level of applied stress
increases, the effect of residual stress decreases.

The effect of residual stress is negligible on the
performance of welded structures under applied
stresses beyond yielding. Also, the effect of resid-

ual stress tends to decrease after repeated load
ing.

Effects of Residual Stresses on Brittle
fractures of Welded Structures

Extensive studies have been conducted on the
effects of residual stresses on brittle fracture of
welded steel structures (Ref29-33). Investigators
have observed differences between the data ob
tained from brittle fractures in ships and other
structures and the experimental results obtained
with notched specimens. Actual fractures oc
curred at stresses far below the yield stress of the
material; however, even when specimens contain
very sharp cracks, the nominal fracture stress of
a notched specimen was as high as the yield
stress. A number of research programs have been
carried out on low applied stress fractures of
weldments. Under certain test conditions, com
plete fracture of a specimen occurred while the
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Testing temperature, °c (b) Testing temperature °c

Effectsof stress-relieving treatments on brittle-fracture characteristics of welded and notched wide plate specimens. (a) Effectof
mechanical stress relieving. (b)Effectofthermal stress relieving. See Fig.23 forthe explanation of curves QSTand UVW. Source:
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magnitude of applied stress was considerably
below the yield stress of the material.

Figure 23 shows the general fracture strength
tendencies of welded carbon steel specimens at
various temperatures and the effects of a sharp
notch and residual stress on fracture strength
(Ref 31). When a specimen does not contain a
sharp notch, fracture occurs at the ultimate
strength of the material at the test temperatures,
as shown by curve PQR. When a specimen con
tains a sharp notch (but no residual stress), frac
ture occurs at the stresses shown by curve PQST.
When the temperature is higher than the fracture
transition temperature (Tf),a high-energy (shear
type) fracture occurs at high stress. When the
temperature is below Tf, fracture appearance
changes to a low-energy (cleavage) type, and the
stress at fracture decreases to near the yield
stress. These various fractures can occur when a
notch is located in areas where high residual ten
sile stresses exist. At temperatures higher than
Tf, fracture stress is the ultimate strength (curve
PQR). Residual stress has no effect on fracture
stress. At room temperatures lower than Tf but
higher than the crack-arresting temperature (Ta),
a crack may initiate at a low stress, but it will be
arrested. At temperatures lower than Ta, one of
two phenomena can occur, depending on the
stress level at fracture initiation. If the stress is
below the critical stress (VW), the crack will be
arrested after running a short distance. Complete
fracture will occur at the yield stress (ST). If the

stress is higher than VW, complete fracture will
occur.

Effect of Stress-Relieving Treatments on Brit
tle Fracture of Weldments. By producing plastic
deformation in proper amounts and distribution,
residual stresses in weldments can be reduced.
This deformation may be applied mechanically,
thermally, or by a combination of methods. In the
most frequently used technique, called stress-re
lieving treatment, a weldment is placed in a fur
nace for a certain time at a specific temperature,
depending on the type of material and thickness,
and is then cooled slowly.

When a load is applied to a weldment, residual
stresses are redistributed due to local plastic de
formation. Stresses are reduced when the load is
removed. This effect, called mechanical stress re
lieving, was demonstrated in a series of experi
ments on welded and notched wide plate speci
mens in carbon steel (Ref34). Results are shown
in Fig. 24.

In a series of tests, external loads were applied
to different stress levels, 50, 100,150,200, and 230
MPa (7, IS, 22, 29, and 33 ksi) at 20°C (68 OF),
which was above the critical temperature for
crack initiation (Tc). The load was then reduced.
After mechanical stress-relieving treatments,
specimens and applied tensile loads were cooled
at temperatures below -30°C (-22 OF). For these
specimens, fractures occurred only after the pre
loaded stresses were exceeded, even at this low
temperature, as shown in Fig. 24(a).



240 / Engineering Properties of Welds

Fig. 25 Preferential corrosion in the heat-affected zone of a
carbon steel weldm enl after service in an aqueous en

vironment . Sx. Source: Ref 38

In another series of tests, specimens were ther
mally stress relieved by placing them in a furnace
for 1 h at 320,420,520, and 620 °C (610,790,970,
and 1150 OF) . Fracture stresses for these speci
mens were higher when welds were heat treated
at higher temperatures, indicating that more
stresses were relieved by heating at higher tem
peratures (see Fig. 24b).

Effects of Residual Stresses on fatigue
fracture of Welded Structures

Although the effects of residual stresses on fa
tigue strength of weldments have been studied
extensively, the subject is still a matter of debate
(Ref 35-37). Fatigue strength increases when a
specimen has compressive residual stresses, es
pecially on the specimen surface. Many investi
gators have reported that the fatigue strength
(the number of cycles at fracture under a given
load or the endurance limit) increases when the
specimens have compressive residual stresses.

In experiments, local spot heating of certain
types of welded specimens has increased fatigue
strength. However, a number of investigators be
lieve that residual stresses are relieved during
cyclic loading; therefore, the effects of residual
stress on fatigue strength of weldments are neg
ligible.

Most fatigue cracks originate at the surface .
Smoothness of surface is very important in ob
taining high fatigue strength. For example, re
moving weld reinforcement, grinding surface ir
regularities, and other treatments are effective in
reducing stress concentrations and increasing fa
tigue strength.

In conducting experiments to determine the
effects of residual stresses on fatigue strength of
weldments, the surface conditions of specimens
must be carefully considered. A specimen that
has compressive residual stresses on the surface
is expected to have high fatigue strength, but the
specimen may yield poor results if it contains a
sharp notch that causes fatigue cracks to initiate
from the notch.

Corrosion of Weldments

Carbon and low-alloy steels used for structural
applications are not commonly used in severely
corrosive environments. However, they are used
in moderate corrosive service conditions, such as
those in oil refinery facilities and sour gas/oil
pipelines. The presence of a weld often reduces
corrosion resistance because (Ref 9):

Compositional variations in the base metal,
HAZ, and weld metal result in a condition
favoring galvanic corrosion.
Welding residual stresses lead to SCc.
Weld discontinuities, such as surface flaws,
act as preferential sites for local corrosion at
tack.

Preferential HAZ Corrosion. An example of
preferential weld corrosion in the HAZ of a car
bon steel weldment is shown in Fig. 25. This
phenomenon has been observed in a wide range
of aqueous environments that are fairly high in
conductivity. Attack usually, but not invariably,
occurs at pH values below about 7 to 8.

The reasons for localized weldment attack have
not been fully defined. There is clearly a micro
structural dependence, and studies on HAZs
show that corrosion is appreciably more severe
when the material composition and welding are
such that hardened structures are formed. It has
been known for many years that hardened steel
may corrode more rapidly in acid conditions
than fully tempered material, apparently because
local microcathodes on the me tal surface stimu
late the cathodic hydrogen evolution reaction .
On this basis, water treatments ensuring alkaline
conditions should be less likely to induce HAZ
corrosion, but even at pH near 8, hydrogen ion
reduction can account for about 20% of the total
corrosion current. pH values substantially above
this level would be needed to suppress the effect
completely.

Preferential Weld Corrosion. Similar micro
structural considerations probably also apply to
the preferential corrosion of weld metal, but in
this case, the situation is further complicated by
the presence of deoxidation products. Their type
and number depend largely on the flux system
employed. The consumable type plays a major
role in determining weld meta l corrosion rate,
and the highest rates of metal loss are normally
associated with shielded-metal arc electrodes us
ing a basic coating. In seawater, for example, the
corrosion rate for a weld made using a basic
coated consumable may be three times as high as
for weld metal from a rutile-coated consumable.
Fewer data are available for submerged-arc weld
metals, but it appears that they are intermediate
between basic and rutile-coated metal arc elec-
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Table6 Compositionsof carbon steel base metalsand some fillermetals subject to galvanic corrosion
See Tables 7 and 8 for corrosion rates of galvanic couples.

Composition, %
Metal C Mn Sl Cr NI Fe Others

Base metals

ASTM A53, grade B 0.30 1.20 bal
ASTM A285, grade C 0.22 0.90 bal

FlUermetals

E6010 No specific chemical limits
E6013 No specific chemical limits
E701O-A1 0.12 0.60 0.40 bal 0.4-0.65Mo
E701O-G 1.00(a) 0.80(a) 0.30(a) 0.50(a) bal 0.2Mo,0.lV
E7016 1.25(b) 0.90 0.20(b) 0.30(b) bal 0.3Mo(b),0.08V(b)
E7018 1.60(c) 0.75 0.20(c) 0.30(c) bal 0.3Mo(c),0.08V(c)
E8018-e2 0.12 1.20 0.80 2.0-2.75 bal
ENiCrFe-2 (Inco Weld A) 0.10 1.0-3.5 1.0 13.0-17.0 bal 12.0 1-3.5Mo, O.5Cu, 0.5-3(Nb +Ta)
Incoloy welding electrode 135 0.08 1.25-2.50 0.75 26.5-30.5 35.0-40.0 bal 2.75-4.5Mo,1-2.5Cu

(a) The weld deposit must contain only the minimum of one of these elements. (b) The total of these elements shall not exceed 1.50%.
(c) The total of these elements shall not exceed 1.75%. Source: Ref 39

Table7 Corrosion rates of galvanic couples of
ASTM AS3,grade H, base metal and various filler
metals ina mixture of chlorinated hydrocarbons
and water
The areas of the base metal and the deposited weld metal were
equal.

both anodic to the base metal. A zero resistance
ammeter was used to determine whether the
electrodes were anodic or cathodic in behavior.

In another case, welds made from E7010-Al
electrodes to join A285 grade C base metal were
found to be anodic to the base metal when ex
posed to raw brine, an alkaline-chloride (pH >
14) stream, and raw river water at 50°C (120OF).
E7010-G was anodic to the base metal in raw
brine and raw river water and was cathodic to
A285 grade C in the alkaline-chloride stream.
When the base metal was changed to A53 grade

Corrosion rate
mm1yr milo/yr

15
35
7

35
50
169
68
112
14
66
19
0.5
14

<0.1

0.4
0.9
0.18
0.9
1.3
4.3
1.7
2.8
0.36
1.7

0.48
0.013
0.36

<0.0025

Base metal
E6010
Base metal
E6013
Base metal
E701O-A!
Base metal
E701O-G
Base metal
E8018-C2
Base metal
Inco Weld A
Base metal
Incoloy welding electrode 135

Galvanicroupte

Source: Ref 39

trodes and that a corrosion rate above that of the
base steel can be expected.

Galvanic corrosion effects have caused unex
pected failure of piping tankage and pressure
vessels where the welds are anodic to the base
metal (Ref39). The following examples illustrate
the point.

In one case, premature weld failures were ex
perienced in a 100rnm (4 in.) ASTMA53 pipe that
was to transfer a mixture of chlorinated hydro
carbons and water. During construction, the
pipeline was fabricated with E7010-Al welding
electrodes (see Table 6 for the composition limits
for all materials discussed in these examples).
Initial weld failures and subsequent tests showed
the following welding electrodes to be anodic to
the ASTM A53 grade B base metal: E7010-Al,
E601O, E6013, E7010-G, and E8018-C2. Two
nickel-base electrodes were tested, Inco-Weld A
(AWSA5.H, class ENiCrFe-2) and Incoloy weld
ing electrode 135.They were found to be cathodic
to the base metal and to prevent rapid weld cor
rosion. The corrosion rates of these galvanic cou
ples are listed in Table 7.

Another example is the failure of low-carbon
steel welds in seawater service at 25°C (75 OF).
Fabrications in which A285 grade C is plate
welded with E6013electrodes usually start to fail
in the weld after 6 to 18 months in seawater
service at this temperature. Welds made with
E7010 electrodes do not fail. Tests were con
ducted in seawater at 50°C (120 OF) using A285
grade C plate welded with E6010, E7010-Al, and
E7010-G. It was determined that E7010-Al was
the best electrode in seawater and that E6010and
E7010-G were not acceptable (although they
were much better than E6013)because they were
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Table 8 Corrosion rates of galvaniccouples of
ASTM A285,grade C, base metal and variousfiller
metals at 90°C (195 OF) in water used to wash a
hydrocarbon stream
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Corrosion rate

0.69 27
0.81 32
OA6 18
0.84 33
1.3 50
1.2 48
2.2 85
1.04 41

mmlyr mi19/yr

Source: Ref39

Base metal
E7010-Al
Base metal
E7016
Base metal
E7018
Base metal
E8018-e2

Galvanlcmuple

800

o 3.5% NaGI unpolarized

• 3.5% NaGI or seawater,
cathodically polarized

I> NAGE solution (H2S)

200 400 600

Hardness, HV25

0.01 '------'----'---~~----'
o

soft, transformed microstructures around welds
are preferable.

Carbon and low-alloy steels are also known to
fail bySCCwhen exposed to solutions containing
nitrates (NO-;). For example, refrigeration sys
tems using a 30%magnesium nitrate (Mg(N03)2)
brine solution are commonly contained in carbon
steel. In this case, pH adjustment is important, as
is temperature. Failures in the HAZ due to SCC
have been reported when brine temperatures ex
ceed 30°C (90 OF) during shutdown periods. To
avoid these failures, carbon steel is being re
placed with type 304L stainless. Other systems
have stress-relieved welded carbon steel and
have operated successfully, although elevated
temperature excursions are discouraged.

More recently, it has been shown that cracking
can occur under certain conditions in environ
ments that contain carbon dioxide (CO2), some
times with spectacular and catastrophic results.
Processes in the oil, gas, and chemical industries
require removal of CO2from process streams by
a variety of absorbents. In most cases, process
equipment is fabricated from plain carbon steel.

see in Oil Refineries. Monoethanolamine
(MEA)is an absorbent used to remove acid gases
containing H2S and CO2 in oil refining opera
tions. Failures in several refineries have shown
that cracks can be parallel or normal to welds,
depending on the orientation of principal tensile

Fig. 26 Stress-corrosion cracking (SCC) defect tolerance pa-
rameter vs. hardness for carbon steel weldments in

three environments. Data are derived from published tests on pre
cracked specimens of various types of carbon steel base metals,
heat-affected zones, and weld metals. SCC defect tolerance pa
rameter isdependent on crack length; details are available in Ref38.

Band A106 grade B, E7010-A1 weld metal was
cathodic to both when exposed to raw brine at 50
°C (120 OF).

Finally, in a column in which a mixture of hy
drocarbons was water washed at 90°C (195 OF),
routine inspection revealed that E7016 welds
used in the original fabrication were corroding
more rapidly than A285grade C base metal. Cor
roded welds were ground to sound metal, and
E7010-A1was used to replace the metal that was
removed. About 3 years later, another routine
inspection revealed that the E7010-A1 welds
were being selectively attacked. Tests showed
that E7010-A1 and E7016 weld metals were an
odic to A285 grade C, while E7018and E8018-C2
were cathodic. Corrosion rates of these galvanic
couples are given in Table 8.

These examples demonstrate the necessity of
testing each galvanic couple in the environment
for which it is intended. Higher-alloy filler metals
can sometimes be used to advantage to prevent
rapid preferential weld corrosion.

Stress-Corrosion Cracking. Residual welding
stresses can cause SCC in environments where
such failure represents a hazard. This is the case
for failure by both active path and hydrogen em
brittlement mechanisms. In the latter case, failure
may be especially likely at low-heat-input welds
because of the enhanced susceptibility of the
hardened structures that inevitably form. Most
SCC studies of welds in carbon and carbon-man
ganese steels have evaluated resistance to hydro
gen-induced SCC, especially under the sour con
ditions (environments containing hydrogen
sulfide, H2S)that prevail in the oil and gas indus
try. Although full definition of the effect of spe
cificmicrostructural types has not been obtained,
an overriding influence of hardness is evident
(Fig. 26). The situation regarding active path
cracking is less clear, but there are few, if any,
cases in which SCC resistance increases at higher
strength levels. On this basis, it is probable that
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Table 9 Chemistry limitson deaerator feedwater
discussed in Example4

unit. Specifically, the leaks were at pipe-to-elbow
welds in a 150 rom (6 in.) diameter line operating
in lean amine service at 50°C (120 OF) and 2.9
MPa (425 psig) . Thickness measurements indi
cated negligible loss of metal in the affected areas,
and the leaks were clamped. In March 1984, 15
additional leaks were discovered, again at pipe
to-elbow welds of lean amine lines leading to two
major refining units.The piping had been in serv
ice for about 8 years.

Investigation . Metallurgical examination of sev
eral of the welds revealed that leaking occurred
at what appeared to be stress-corrosion cracks
originating from the inside surface. Cracks were
present in weld metal and base metal approxi
mately 5 rom (0.2 in.) away from the weld, and
they passed through the HAZ. In other cases,
stress-corrosion cracks also originated in the
HAZ. The cracks typically ran parallel to the
weld.

Brinell hardness values, obtained by conver
sion of Knoop microhardness readings, were 133
to 160 (pipe base metal), 160 to 230 (weld metal),
182 to 227 (HAZs), and 117 to 198 (elbow base
metal). The pipe base metal had an equiaxed
fine-grained microstructure typical of low-carb
on steel, and the elbow base metal had a non 
equiaxed microstructure typical of hot-finished
fittings . Carbon contents ranged from 0.25 to
0.30% by weight. Cracking was intergranular, as
shown in Fig. 27.

The refinery operators immediately began vis
ual inspections of all amine lines. At the time of
the report, 35 leaks had been discovered in lean
amine piping. All leaks were at cracks in or
around pipe-to-elbow welds, except for two
leaks at welds that connected a tee and reducer,
respectively. Piping size ranged from 75 to 305
rom (3 to 12 in.), and service temperature ranged
from 40 to 60 °C (100 to 140 OF). Most leaks oc
curred in lines carrying lean amine at 55 "C (130
OF). Pres sures ranged from atmo spheric to 2.9
MPa (425psig), and most leaks occurred between
2.8 and 2.9 MPa (400 and 425 psig) . All affected
piping had been in service for about 8 years,
except that two leaks occurred at piping welds
that had been in service for only 4 years.

Fig. 27 Micrograph showing tight intergranular stress-cor ro
sion cra cks originating at the inside surface of a pip e.

Source : Ref 40

stresses. Cracking has been reported to be both
transgranular and intergranular.

Before 1978, postweld stress relief of carbon
steel weldments in MEA systems was performed
only when the metal temperature of the equip
ment was expected to exceed 65°C (150 OF) and
the acid gas contained more than 80% C02, or
when temperatures were expected to exceed 95
-c (200 OF) in any acid gas concentration.

Currently, any equipment containing MEA at
any temperature and at any acid gas concentra
tion is postweld stress relieved. Surveys con
ducted by several refineries, designed to define
the extent of the sec problem in this environ
ment, showed that leaks were widespread and
occurred in vessels from 2 to 25 years old. How
ever, there were no reports of cracking in vessels
that had been postweld stress relieved. In addi
tion, it was found that all concentrations of MEA
were involved and that MEA solutions were usu
ally at relatively low temperatures (below 55 °C,
or 130 OF). Equipment found to suffer from crack
ing included tanks, absorbers, carbon treated
drums, skimming drums, and piping. The fol
lowing description of a metallurgical investiga
tion conducted by an oil refinery illustrates the
problem of SCC of carbon steel in amine service
(Ref 40).

Example 3: Leaking Carbon Steel Weldments
in a Sulfur Recovery Unit. In December 1983,
two leaks were discovered at a sulfur recovery

Control parameter

Total hardness
Ph enolphthalein alkalinity
Methyl orange alkalinity
Chloride
Tot al di ssolved solid s

Source: Ref 41

Limit

<0.5 ppm as CaC0 3
Trace (max)

14--18ppm as CaC03
7.6-B.Bppm
7D-125 ppm
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Table 10 Chemical analysesof steels and weld deposit discussed in Example 4

AnalY9i9,%
Sample C Mn Si P S Ni Cr Mo AI Fe

Plate 1 0.25 0.88 <0.05 0.029 0.036 <0.05 <0.05 <0.03 <0.01 bal
Plate 2 0.21 0.83 <0.05 0.03 0.0024 <0.05 <0.05 <0.03 <0.01 bal
Weld deposit 0.14 0.53 0.14 0.035 0.031 <0.05 <0.05 <0.03 <0.01 bal

Source: Ref 41

As had been generally accepted industry prac
tice, the specifications called for stress relieving
or PWHT of piping and vessels in amine service
at temperatures above 95°C (200OF). Therefore it
was highly unlikely that any of the leaking welds
had received a PWHT. Further metallurgical ex
amination of leaking welds from various lines
confirmed that the leaking originated at stress
corrosion cracks. No leaks were found in rich
amine piping. The characteristics of the mode of
fracture suggested that the failure mechanism
was a form of caustic SCC.

Other researchers also have metallographically
examined numerous samples of similar cracks.
Their results can be summarized as follows:

Cracks were essentially intergranular and
were filled with gray oxide scale.
Hardness of welds and HAZs was less than
200HB.
The cause of fracture was believed to be a
form of caustic sec.
Cracking occurred whether or not MEA solu
tions contained corrosion inhibitors.

Preventive Measures. As a result of these investi
gations, all welds in equipment in MEA service
are now regularly inspected. Wet fluorescent
magnetic-particle inspection after sandblasting
to remove oxides and scale appears to be the most
effective technique. Shear-wave ultrasonic
(SWU) inspection has also been used for piping,
but it does not always distinguish indications of
SCC from those of other defects, such as shrink
age cracks, slag inclusions, lack of fusion, or fa
tigue cracks. Nevertheless, SWU is considered
helpful, because other defects also can pose a
threat to the structural integrity of the system.
Inspection frequency depends on the critical na
ture of the particular equipment in question.
Most important, all welds in these systems are
now being postweld stress relieved.

Corrosion of Welds in Carbon Steel Deaerator
Tanks. Deaerator tanks, the vessels that control
free oxygen and other dissolved gases to accept
able levels in boiler feedwater, are subject to a
great deal of corrosion and cracking. In the early
1980s, numerous deaerator tank failures injured
personnel and damaged property. Since then, or-

ganizations such as the National Board of Boiler
and Pressure Vessel Inspectors and the Technical
Association of the Pulp and Paper Industry have
issued warnings to plant operators, and these
warnings have resulted in the formation of in
spection programs for evaluating the integrity of
deaerator tanks. As a result, many operators have
discovered serious cracking problems. The fol
lowing example illustrates the problem (Ref41).

Example 4: Weld Cracking in Oil Refinery
Deaerator Vessels. Two deaerator vessels with
associated boiler feedwater storage tanks oper
ated in similar service at a refinery. The vertical
deaerator vessels were constructed of carbon
steel (shell and dished heads), with trays, spray
nozzles, and other internal components fabri
cated of type 410 stainless steel. Boiler feedwater
was treated by sand filtration using pressure fil
ters, followed by ion-exchange water softening.
Hardness was controlled at less than 0.5 ppm
calcium carbonate (CaC03). A strong cationic
primary coagulant (amine) was used to aid the
filtering of colloidal material. Treated water was
blended with condensate containing 5 ppm of a
filming amine corrosion inhibitor. Final chemis
try of the feedwater was controlled to the limits
given in Table 9. Oxygen scavenging was en
sured by the addition of catalyzed sodium bisul
fite (NaHS03) to the storage tanks. Treated water
entered the top of the tray section of the deaera
tors through five or six spray nozzles and was
stored in the horizontal tanks below the deaera
tors.

Inspection Results. Deaerator vessel and storage
tank A were inspected. All tray sections were
removed from the deaerator. With the exception
of the top head to shell weld in the deaerator, all
internal welds were ground smooth and mag
netic particle inspected. No cracks were found.
Corrosion damage was limited to minor pitting
of the bottom head in the deaerator vessel.

Inspection of deaerator vessel Brevealed crack
ing at one weld. Tray sections were removed
from the deaerator vessel, and shell welds were
gritblasted. Except for the top head to shell weld
in the deaerator, all internal welds in both Bunits
were then ground smooth and magnetic particle
inspected. Three transverse cracks were found at
the bottom circumferential weld in the deaerator



Fig. 28 Micrograph of a longitudinal c rack in the heat-affected
zone of a weld from storage vessel B, describ ed in text.

Etch ed with nita!. Source: Ref41
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of the oxide deposit within the crack by wave
length-dispersive spectroscopy revealed slightly
less oxygen than an Fe203standard . The refore, it
was assumed that the oxide deposit was a mix
ture of Fe304and Fe203.

Cracking extended to the base metal, trans
verse to the weld, with secondary cracking to the
periphery of the oxidized region. The oxide ex
hibited extensive internal cracking.

Discuseion. The cracks described in this exam
ple were very similar to those found in many
other investigations, despite a variety of deaera
tor vessel designs and operating conditions.
Cracks typically display the following charac
teristics:

vessel. These were removed by grinding to a
depth of 1.5 mm (0.06 in.).

Inspection of storage tank B revealed numer
ous cracks transverse to welds. With the shell
constructed from three rings of plate, the longitu
dinal ring welds were located just below the
water level. These longitudinal welds exhibited
no detectable cracking. One circumferential crack
was found above the working water level in the
vessel. The remaining cracks were located at cir
cumferential welds below the working water
level. Only one longitudinal crack was detected.
All cracks were removed by grinding to a depth
of 2 mm (0.08 in.).

Unlike deaerator vessel A, deaerator vessel B
had no operational spray nozzle s at the time of
inspection. In addition, two valves had fallen to
the bottom of the deaerator vessel. The bottom
section of trays in deaerator vessel Bhad fallen to
the bottom of the storage vessel. Corrosion dam
age in deaerator vessel Bwas limited to underde
posit pitting attacks at circumferential welds in
the bottom.

Metallurgica! Analysis. A section was cut from a
circumferential weld region in storage tank B.
The cracking was predominantly transverse to
the weld. Chemical analysis was performed on
samples cut from weld metal and base metal; the
results are given in Table 10. The results show
that the steel plate was not aluminum- or silicon
killed but was most likely a rimmed grade. Cross
sections were cut perpendicular to both trans
vers e and longitudinal cracks and were exam
ined metallographically.

Metallographic examination of the base metal
structures revealed ferrite and lamellar pearlite
ph ases with a nearly equiaxed grain structure.
The approximate grain size was ASTM 6 to 7.
Figure 28 shows a longitudinal crack in a weld
HAZ, with associated grain refinement. Cracking
initiated from the bottom of a pit. The oxide asso 
ciated with the major crack was extensive and
contained numerous secondary cracks. Analysis

Cracks occur most often in welds and HAZs
but can also occur in the base metal.
Cracks are generally transverse to the weld
HAZ, and they occur both parallel and per
pendicular to the hoop stress direction.
The worst cracks appear to be located in cir
cumferential and head-to-shell welds in hori
zontal vessel designs.
Cracks are concentrated at, but not solely lo
cated within, the working water level in the
vessel.
Cracks are perpendicular to the vessel plate
surface.
Cracks are predominantly transgranular with
mino r amounts of branching.
Cracks are filled with iron oxide. Cracking of
the oxide corrosion product is followed by
progressive corrosion . The ferrite ph ase is se
lectively attacked, with retention of the pear
lite phase within the oxide corrosion product.
Cracks initiate from corrosion pits. Weld de
fects, however, can also become active sites for
crack initiation.
Crack tips are blunt.

Conclusions. In this investigation the failure
mechanism was a combination of low-cycle cor
rosion fatigue and stress-induced corrosion . Ex
tensive oxide formation relative to the depth of
cracking wa s a key feature. The formation of
oxide wa s associated with corrosion attack of the
ferrite phase. The lamellar pearlite ph ase re
mained relatively intact and was contained
within the oxide product. The oxide itself exhib
ited numerous cracks, allowing aqueous corro
sion of fresh met al at the oxide -metal interface.
Mechanical or thermal stresses were probably
responsible for the network of cracks within the
oxide product. The mechanism appeared to be
stress-ass isted localized corrosion. Sharp, tight
cracks were not found in fresh metal beyond the
periphery of the oxide corrosion product, so it
seems reasonable that cracking could have brittle
oxide.
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Fig. 29 Photomicrograph of hydrogen-induced crack in weld
heat-affected zone . 5x

Cracking at welds and HAZs suggests that re
sidual weld shrinkage stresses played a major
role. Welds in deaerator vessels typ ically have
not been postweld stress relieved, and it is not
unusual to find residual welding stresses of yield
strength magnitude. This problem can be aggra
vated by vessel design (high localized bending
stresses around saddle supports that fluctuate
with water level and are accelerated by opera
tional upsets).

No fault was found with the steel plate chemi
cal composition or with welding consumables.
There was no evidence of embrittlement or caus
tic SCC (that is, no branched intergranular
cracks).

Recommendations. All welds in deaerator ves
sels should be postweld stress relieved. Opera
tional upsets should be avoided, and water
chemistry must be maintained within acceptable
limits. In particular, water oxygen levels should
be kept low to minimize pitting corrosion.

Stress concentration effects as a result of geo
metrical discontinuities, such as weld reinforce
ment and lack of full weld penetration, are dan
gerous because of the possibility of crevice
corrosion, fatigue cracking, and SCc. Geometric
effects can be minimized by grinding (a costly
method), achieving full weld penetration, and
minimizing excessive weld reinforcement
through control of the welding process or tech
nique. In most cases a stress-relieving heat treat
ment is effective in reducing internal weld
shrinkage stress and metal hardness to safe lev
els.

Hydrogen-induced cold cracking is primarily
associated with welds in low-alloy steels. Figure
29 depicts a typical crack, which was taken from
the HAZ of a weld. The factors that contribute to
hydrogen-induced cold cracking are time, the
presence of hydrogen, high tensile stress, suscep
tible microstructures, and temperatures between
approximately 200 and - 100 °C (400and - 150 OF).
At lower strength levels (approximately 485
MPa, or 70 ksi), hydrogen-induced cold cracking

is most often observed as longitudinal cracks in
the HAZ of the base metal, often called under
bead cracking. At higher strength levels (ap
proximately 830 MPa, or 120 ksi, and higher),
transverse cracks can occur in the weld metal as
well.

The susceptibility of carbon and alloy steels to
hydrogen-induced cold cracking can be pre
dicted by use of the Graville diagram, which sug
gests that the susceptibility can be evaluated by
calculating the carbon equivalent and comparing
it to the carbon content (Ref 42). An example of
the Graville diagram is shown in Fig. 30 for the
following steels:

HSLAsteels, such as carbon-manganese steels
microalloyed with niobium and/or vana 
dium
TMCP steels, which are generally produced
with a combination of controlled rolling fol
lowed by accelerated cooling or in-line direct
quenching
Low-carbon steels containing up to approxi
mately 0.30% C
Chromium-molybdenum steels used for ele
vated-temperature service in the power and
petroleum refinery industries
Quenched and tempered steels that are heat
treated to yield strengths between 345 and
1035 MPa (50 to 150 ksi); examples include
ASTM A 514 and A 517 and HY-80, HY-100,
and HY-130covered by military specifications
Heat-treatable low-alloy (HTLA) steels,
which are usually reaustenitized, then
quenched and tempered after welding; exam
ples include the familiar AISI 4140 and 4340
designations

As indicated in Fig. 30, zone I steels have low
carbon and low hardenability and are not very
susceptible to cracking. Zone III steels have both
high carbon and high hardenability, and all
welding conditions will produce crack-sensitive
microstructures. Therefore, to avoid hydrogen
induced cold cracking in zone III steels, the user
must apply low-hydrogen procedures, including
preheat and PWHT. Zone II steels have higher
carbon levels. with lower hardenability. It is pos
sible to avoid crack-sensitive microstructures in
zone II steels by restricting HAZ cooling rates
through control of heat input and, to a minor
extent, with preheat.

Figure 30 also shows that HTLA steels,
squarely in zone III, require special considera
tions for welding. Chromium-molybdenum
steels and quenched and tempered steels also
require some attention, as do some HSLA steels .
Low-carbon steels are readily welded except in
thick sections, for which some precautions may
be necessary. The TMCP steels have been specifi-
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cally developed to lie in zone I, and so their
weldability and resistance to cold cracking is ex
cellent. Although Fig. 30 represents only one as
pect of weldability and there are many other con
siderations, the desired preference with regard to
hydrogen-induced cold cracking is to use steels
that push the compositional envelope toward the
lower-left corner of the Graville diagram.
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Chapter 14

Properties of Stainless
Steel Welds*

STAINLESS STEELSof all types are weldable
by virtually all welding processes. In part, proc
ess selection is often dictated by available equip
ment. Perhaps the simplest and most universal
welding process is manual shielded-metal arc
welding (SMAW) with coated electrodes. It has
been applied to material as thin as 1.2 mm (0.05
in.), and there is no upper limit on thickness.
Other very commonly used processes for stain
less steels are GTAW, GMAW, submerged arc
welding (SAW), flux-cored arc welding (FCAW),
and several forms of resistance welding. The
plasma arc welding (PAW), laser-beam welding
(LBW),and electron-beam welding (EBW) proc
esses are also used.

Stainless steel base metals and thus the welding
filler metals used with them are almost invari
ably chosen on the basis of adequate corrosion
resistance for the intended application. This usu
ally means that the welding filler metal must at
least match (and sometimes overmatch) the con
tents of the base metal in terms of specific alloy
ing elements, such as chromium, nickel, and mo
lybdenum.

After corrosion resistance has been considered,
the avoidance of cracking becomes the unifying
theme in filler metal selection and procedure de
velopment for the welding of stainless steels.
Cracking can occur at temperatures that are just
below the bulk solidus temperature of the al
loy(s) being welded. This hot cracking, as it is
called, can appear as large weld metal cracks,
usually along the weld centerline. However, it
can also appear as small, short cracks (microfis-

"Adapted fromASM Specialty Handbook, Stainless Steels, 1994

sures) in the weld metal or in the heat-affected
zone (HAZ) at the fusion line and, usually, per
pendicular to it. Hot cracking in stainless steel
welds is of most concern in austenitic weld met
als, although it can occur in all types of stainless
steel weldments.

Cracking can also occur at rather low tempera
tures, typically 150°C (300 OF) or below, because
of the interaction of high weld stresses, high
strength metal, and diffusible hydrogen. This
cold cracking commonly occurs in martensitic
weld metals, as well as HAZs, including those of
PH stainless steels. Cold cracking can also occur
in ferritic stainless steel weldments that have be
come embrittled by grain coarsening and/or sec
ond-phase particles.

In many instances of cold cracking, where the
resulting weld has acceptable properties, the sub
stitution of a mostly austenitic filler metal (with
appropriate corrosion resistance) for a martensi
tic or ferritic filler metal serves as a remedy.
When hot cracking occurs in an austenitic weld
metal, a common solution is to use a mostly
austenitic filler metal that includes a small
amount of ferrite. However, another approach to
avoiding hot cracking may be necessary in situ
ations that require low magnetic permeability,
high toughness at cryogenic temperatures, resis
tance to media that selectively attack ferrite (such
as urea), or postweld heat treatments (PWHTs)
that embrittle ferrite, because their requirements
may severely limit the amount of ferrite that is
acceptable.
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Fig. 1 Schaefflerconstitution diagram (orstainlesssteel weld metal

Welding engineers who are responsible for
filler metal selection and procedure development
for stainless steel welds often estimate the micro
structure of the weld metal, taking the dilution
effects into consideration. This task is best accom
plished with a constitution diagram for the stain
less steelweld metals. Several diagrams that have
been developed over the years are described be
low in the section "Constitution Diagrams." This
is followed by discussions of weldability, crack
ing, and the engineering properties of stainless
steel welds.

Constitution Diagrams

The prediction of the microstructures and
properties (such as hot cracking and corrosion
resistance) for stainless steels has been the topic
of many studies. During the last two decades,
four microstructure prediction diagrams have
found the widest application. These include the
Schaeffler diagram, the DeLong diagram, and the
Welding Research Council (WRC) diagrams
(WRC-1988and WRC-1992). Each of these is de
scribed below.

Schaeffler Diagram. In 1949,Anton Schaeffler
(Ref1) published what has become known as the
Schaeffler diagram (Fig. 1). This diagram pro
posed a relationship among alloy elements that
promote the formation of ferrite (chromium
equivalent, Creq, elements) and elements that

promote the formation of austenite and the sup
pression of ferrite (nickel-equivalent, Nieq, ele
ments).

To use this diagram, both the chromium and
nickel equivalents are first calculated from the
composition of a given weld bead. Next, these
equivalents are plotted as coordinates on the
Schaeffler diagram. This allows an estimated
weld metal microstructure to be determined
from the boundaries given in the diagram.

Experience has shown that the Schaeffler dia
gram is reasonably accurate for conventional
300-series stainless steel weld deposits from cov
ered electrodes. However, it is of limited use
when less conventional compositions are used
and when a high level of nitrogen is present.

DeLong Diagram. W.T. DeLong recognized
the effect of nitrogen in promoting austenite at
the expense of ferrite. DeLong developed a new
diagram (Ref 2) that covered a more restricted
composition range and included the effect of ni
trogen (Fig.2). Specifically, a nickel equivalent of
30 x %N was added.

To use this diagram, the nickel and chromium
equivalents are calculated from the weld metal
analysis. If a nitrogen analysis of the weld metal
is not available, then a value of 0.06%should be
assumed for the gas-tungsten arc welding
(GTAW) process, and covered electrodes and a
value of 0.08% should be assumed for the gas
metal arc welding (GMAW) process. If the chem-
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Fig. 2 Delong constitution diagram for stainless steel weld metal. The Schaeffler austenite-martensite boundary is included for refer
ence.

istry is accurate, then the diagram predicts the
WRC Ferrite Number (FN) within ±3 in approxi
mately 90% of the tests for the 308, 309, 316, and
317 alloy families.

In the DeLong diagram, the FNs for alloy 308,
308L, and 347 covered electrodes are similar to
those in the Schaeffler diagram, but the 309, 316,
and 317 alloy families have FNs that are about
two to four times higher. Generally, the DeLong
diagram correlates better with GTAW and
GMAW weld metals than does the Schaeffler dia
gram, because it allows for nitrogen pickup.

In 1974, at about the time the DeLong diagram
was being published, the measurement of ferrite
in nominally austenitic stainless steel weld met
als was standardized by the American National
Standards Institute/American Welding Society
(ANSI/AWS)A4.2 specification in terms of mag
netically determined FNs, rather than the metal
lographically determined "percent ferrite" used
by the Schaeffler diagram. The DeLong diagram
became part of the "Boiler and Pressure Vessel
Code" of the American Society of Mechanical
Engineers.

WRC Diagrams. The DeLong diagram was
subsequently discovered to seriously underesti
mate the ferrite content of weld metals with high
manganese contents and overestimate the FN of
highly alloyed weld metals, such as alloy 309.
Consequently, the WRC both funded and col
lected data for the development of a new, more
accurate diagram using computer mapping tech
niques (Ref3, 4). A joint effort was conducted by

the Colorado School of Mines and the U.S. Na
tional Institute of Standards and Technology. The
product of this effort, known as the WRC-1988
diagram (Fig. 3), covers a broader range of com
positions than does the DeLong diagram and
removes the two errors noted above.

A modification of the WRC-1988 diagram,
which allowed the Nieq to include a coefficient
for copper, was first proposed by Lake in 1990
(Ref5). This modification and an extension of the
Creq and Nieq axes were incorporated into the
most recent constitution diagram, the WRC-1992
diagram (Ref 6). (See Example 1 in section on
filler metal selection for martensitics.) Its ex
tended axes permit graphical estimation of the
ferrite content of weld metal that comprises very
different base metal(s) and filler metal, as could
be done less precisely with the Schaeffler dia
gram.

Although the WRC-1992diagram is more accu
rate in predicting ferrite content for many weld
metals, the Schaeffler diagram still retains some
utility because it can offer reasonably accurate
predictions in terms of martensite in lean stain
less steel compositions. This is because the WRC
1992diagram does not include manganese. Man
ganese has been found to have no effect on the
high-temperature transformation of ferrite to
austenite during cooling. Therefore, it does not
figure in the Nieq of the WRC-1992 diagram.
However, it does have a significant effect on the
low-temperature transformation of austenite to
martensite during further cooling by tending to
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stabilize austenite at low temperatures. Without
a manganese effect, it is not possible to put a
boundary for the martensite phase in the WRC
1992 diagram.

If the weld deposit is austenitic, then an FN of
around 4 or 5, minimum, typically suffices to
prevent hot cracking. In addition, a deposit that
is primarily austenitic will not cold crack. These
two considerations often influence filler metal
selection and procedure development. In the fol
lowing sections of this article, the WRC-1992dia
gram and, occasionally, the Schaeffler diagram
are used to illustrate the rationale behind many
filler metal choices.

The ferrite that survives at room temperature
after solidification is only a fraction of what ex
isted during solidification. In terms of the utility
of constitution diagrams like the WRC-1992dia
gram, it is currently thought (Ref 7) that finding
ferrite at room temperature is only an indirect
indication of the solidification mode. According
to this theory, if the weld metal solidifies as fer
rite first, with austenite appearing only in the
latter stages of solidification, if at all, then the
weld metal will be crack resistant. However, if
the weld metal solidifies as austenite first, with
ferrite only appearing in the latter stages of so
lidification, if at all, then the weld metal is at risk
for cracking.

The dividing line between compositions that
solidify as austenite first and compositions that
solidify as ferrite first is approximated by the

dashed line between the fields labeled"AF" (pri
mary ferrite solidification) in Fig. 3. This line is
not parallel to the isoferrite lines. Rather, it is at a
small angle to them, which means that more fer
rite is needed at room temperature to represent
evidence of primary ferrite solidification in
higher-alloyed stainless steel weld metals than in
lower-alloyed stainless steel weld metals.

Martensitic Stainless Steels

Martensitic stainless steels can be welded in the
annealed, hardened, and hardened-and-tem
pered conditions. Regardless of the prior condi
tion of the steel, welding produces a hardened
martensitic zone adjacent to the weld. In other
words, the high-temperature HAZ will be in the
as-quenched condition after welding, regardless
of the prior condition of the material. In addition,
the HAZ hardness is very much independent of
the cooling rate over the temperature range expe
rienced in common arc welding practices. This is
evident from the isothermal transformation dia
gram shown in Fig. 4. Because such high hard
ness values render the material prone to cracking
during fabrication, the selection of appropriate
preheating levels and welding procedures is criti
cal to the success of the welding process.

Weldability and Cracking

Hydrogen-Induced Cold Cracking. Weld-area
cracking in martensitic stainless steels is primar-
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ily due to the presence of hydrogen in the hard
ened structure. Hydrogen-induced cold cracks
form in welds when the weldment is at or near
room temperature (typically, less than 150°C, or
300 OF). Cracking may occur almost immediately
or hours after cooling. In steel, cold cracks de
pend on the presence of a tensile stress, a suscep
tible microstructure, and sufficient hydrogen in
the weld. Elimination of one or more of these
factors greatly reduces crack susceptibility. The
stress may arise from restraint by other compo
nents of a weldment or from the simple thermal
stresses created by welding in a butt, groove, or
T-joint.

The susceptibility of the microstructure to cold
cracking relates to the solubility of hydrogen and
the possibility of supersaturation. Austenite, in
which hydrogen is highly soluble, is least suscep
tible to cold cracking, and martensite, in which
the solubility is lower, is most susceptible, be
cause the rapid cooling necessary for the
austenite-to-martensite transformation traps the
hydrogen in a state of supersaturation in the
martensite. Because the solubility of hydrogen in
body-centered cubic (bee) martensite is low and
diffusivity is high, austenitic filler metals are
often selected to weld martensitic stainless steels.
The discussion on filler metal selection later in
this article provides more details.

The presence of hydrogen in a weld is generally
due to moisture that is introduced in the shield
ing gas (or the electrode coating or flux), dissoci-

ated by the arc to form elemental hydrogen, and
dissolved by the molten weld pool and by the
adjacent region in the HAZ. In the supersatu
rated state, the hydrogen diffuses to regions of
high stress, where it can initiate a crack. Contin
ued diffusion of the hydrogen to the region of
stress concentration at the crack tip extends the
crack. This behavior means that hydrogen-in
duced cold cracking is time dependent-that is,
time is needed for hydrogen diffusion-and the
appearance of detectable cracks can be delayed
until long after the weld has passed inspection.

For most commercial steels, the avoidance of
hydrogen-induced cold cracking is based on the
control of hydrogen. The sources of hydrogen
(water, oils, greases, waxes, and rust that con
tains hydrogen or hydrates) should be elimi
nated. The hydrogen potential also can be mini
mized by using low-hydrogen, inert-gas welding
processes, such as GTAW or GMAW, or by pay
ing stringent attention to consumable drying and
baking for flux-shielded welding processes, such
as SMAW or FCAW. In addition, preheating
must be applied to slow the rate of cooling. This
allows more time for hydrogen to diffuse away
from the weld area during cooling within the
austenite range and, especially, following trans
formation to martensite.

Preheating is generally carried out in the tem
perature range from 200 to 300°C (400to 600 OF).
In multipass welds, interpass temperatures must
be maintained at the same level, and it is fre-
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because the embrittling effect of hydrogen can be
significant at this temperature.

In most cases, the reason for choosing a preheat
temperature below the Mr is to ensure that maxi
mum transformation to martensite occurs. If this
has not happened, then subsequent post-weld
heat treatment (pWHT) immediately after weld
ing may be ineffective, for two reasons. First, the
partially austenitic structure will reta~ hydro
gen, which can lead to hydrogen cracking prob
lems upon eventual cooling to room tempera
ture, where untempered martensite with a high
hydrogen concentration could form, Second, an
isothermal transformation of the weld can take
place during heat treatment, and the martensite
that forms upon cooling to room temperature
will be untempered and hard. .

The major compositional factor influencmg hy
drogen-induced cold cracking is the material
carbon content, because it determines the hard
ness of the transformed structure and its sensitiv
ity to hydrogen embrittlement. Below le~els ?f
approximately 0.1 wto/~ C, ~nd at least ~ thin
sections «5 mm, or 0.2 in.), It may be possible to
weld without a preheat if hydrogen levels are
low. For materials with high carbon levels (above
0.2 wt% C), both a preheat and a PWHT are
essential. Such materials are particularly difficult
to weld, because the Mr temperature may be well
below 150°C (300 OF). In such cases, alloys are
frequently welded with a preheat of 250 °C (480
OF) but are allowed to cool to an intermediate
temperature of approximately 150°C (300 OF)
prior to a hydrogen release treatment, a full
PWHT, or both. For both low- and high-carbon
martensitic stainless steels, the weld should not
be allowed to cool to room temperature after
welding before either a full PWHT or a hydrogen
release treatment is conducted.

Conventional martensitic stainless steels con
taining 12 wt% Cr and 0.15 wt% C have been
successfully welded for many years, but a num
ber of developments have reduced the risk of
hydrogen-induced cold crac~ing. In terms. of
composition, this is best achieved by lowermg
the carbon content, except that this also reduces
the hardenability of the material. Consequently,
alloys that contain nickel have been produced in
order to attain higher hardenability. The most
common of these grades, particularly in Europe,
is the 13Cr-4Ni-0.05C steels. Although the addi
tional alloying reduces the M, temperature, HAZ
hydrogen-induced cold cracking resistance is
substantially improved.

Heat Treatment

Preheating is one of the most effective means
of avoiding weld cracking in martensitic stainless
steels. The preheating temperature usually
ranges from 200 to 300°C (400 to 600 OF). As

Type 440
1
(1% f)

TyP~ 420 (0.25% C)

-\I- TyJe 41J (0.1~ C) r\

\ 1\\
I~
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Tempering temperature, of

30 210 390 570 750 930111012901470
65

quently beneficial to hold this temperature for
some time after arc extinction to permit further
hydrogen diffusion out of the joint. Postweld
tempering is carried out to improve weld-area
toughness. For higher-carbon st~els (>0.2 wt%
C), this process should be apphed as soon as
possible after welding to avoid the possibility ~f

hydrogen-induced cracking from atmosphen.c
corrosion. The weld must be cooled to a suffi
ciently low temperature to induce the austenite
to-martensite transformation (in principle, below
the martensite completion point, Mr,as described
below) prior to PWHT.

Material Composition and Selection of Pre
heat Temperature (Ref 8). The temperature at
which austenite transforms to martensite upon
cooling in martensitic stainless steels depends on
material composition, particularly the carbon,
manganese, nickel, chromium, and molybdenum
contents. The martensite start temperature, Ms,
for such steels can be calculated using the follow
ing equation developed by the Welding Institute
(Ref 9):

25

It should be noted that all of the elements listed
above lower the Mstemperature.

Using Eq 1 for a type 410 stainless steel, the M,
temperature is approximately 350°C (660 OF).
The temperature at which the transforma~on to
martensite is complete, denoted by Mr, IS ap
proximately 100°C (180OF) below the Ms, that is,
256°C (493 OF) for type 410. The preheat level
should be below the Mr wherever possible, for
example, 250°C (480 OF) for typoe 410. ~oweve~,
if the Mr is less than about 150 C (300 F), as 15

the case with high-carbon (>0.2wt% C) steels, it
is not advisable to select a lower preheat level,



discussed previously, the material composition
(particularly the carbon content) affects the pre
heat temperature. The use of the M; equation (Eq
1) is helpful in determining an acceptable preheat
temperature.

Another consideration that influences preheat
ing requirements is material thickness. As de
scribed above, the restraint imposed by material
thickness is also one of the factors controlling
hydrogen-induced cold cracking in any welded
joint. If the weld metal or HAZ has been embrit
tled by the presence of hydrogen, then the level
of restraint in the joint may determine whether
cracking occurs. The general rule for joint thick
ness is that the thicker the material, the greater
the restraint; that is, the more material that is
present, the greater the force opposing the di
mensional changes in the weld area that is
brought about through thermal and transforma
tion stresses. In a repair weld situation that in
volves a groove, the restraint will be very high
and a conservative approach is recommended.
However, for a simple butt joint involving very
thin material-for example, 3 mm (0.12 in.) or
less-a preheat is generally considered unneces
sary. This is particularly true with low-carbon
«0.10 wt% C) base metals. However, a preheat
ing step is typically carried out.

Postweld Heat Treatment. The functions of a
PWHf are to temper the martensite in the weld
metal and HAZ, in order to reduce the hardness
and increase the toughness, and to decrease re
sidual stresses associated with welding. Post
weld heat treatments used for martensitic stain
less steels usually take one of two forms. The
more common form involves tempering the
weldment by heating it below the austenite start
temperature, As (Fig. 4). This is generally carried
out at temperatures ranging from 650 to 750°C
(1200 to 1400 OF). The weldment should be held
at temperature for a minimum of 1 h per inch of
weld thickness (Ref 8). Another form of PWHT
involves heating the weldment above the
austenite finish temperature, Af, to austenitize
the entire mass, and then cooling it to just above
room temperature, followed by a second heat
treatment at a temperature below the As, in order
to temper the metal to the desired properties. The
latter PWHT is used only when matching filler
metals are used and maximum joint toughness
must be achieved.

In addition, a low-temperature PWHT is some
times carried out to facilitate the diffusion of hy
drogen from the joint and decrease the likelihood
of hydrogen-induced cold cracking (Ref 8). This
type of PWHf is carried out at, or slightly above,
the preheat temperature range of, for example,
300 to 400°C (550 to 750 OF). The 450 to 500 °C
(840 to 930 OF) range should be avoided because
it can compromise weld toughness.
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Tempering at temperatures up to approxi
mately 450°C (840 OF) has little effect on the
hardness of martensitic stainless steels, com
pared with the hardness of the same steel in the
untempered condition. Tempering above 450°C
(840 OF) causes the hardness to fall rapidly with
increasing tempering temperatures (Fig.5),but at
the same time, ductility increases. The tempering
temperature upper limit is the As,which is about
800°C (1470OF) for the nickel-free alloys, such as
types 410,420, and 440. The addition of nickel to
a martensitic alloy reduces the Asappreciably.

Correlations of Heat Treatment and Carbon
Content. Following are correlations of preheat
ing and PWHT practice with the carbon contents
and welding characteristics of martensitic stain
less steels:

Carbon content below 0.10%: Neither preheat
ing nor PWHT is required except for very
heavy sections; martensitic stainless steels
with carbon contents this low are not stand
ard.
Carbon content of0.10to 0.20%: Preheat to 260
°C (500 OF); weld at this temperature; slow
cool below 65°C (150 OF); temper.
Carbon content of0.20to 0.50%: Preheat to 260
°C (500 OF); weld at this temperature; slow
cool below 65°C (150 OF); austenitize and
temper.
Carbon content greater than 0.50%: Preheat to
260°C (500 OF); weld with high heat input;
anneal without letting the weldment cool be
low 260°C (500OF); austenitize and temper.

Filler Metal Selection

On the basis of hydrogen-cracking risk, the use
of austenitic filler metals is preferable to the use
of martensitic consumables of "matching" com
position, because the solubility of hydrogen in a
bee structure (martensite) is low and diffusivity is
high, as noted earlier. This contrasts with the
situation in face-centered cubic (fcc) materials,
such as austenite, where the solubility is high and
diffusivity is low. It follows that if a matching
martensitic filler metal is employed, then the hy
drogen introduced via the welding consumable
(which occurs in every case, regardless of cleanli
ness) will diffuse into the adjacent HAZ, where it
has the opportunity to embrittle the steel. How
ever, if an austenitic filler metal is used, then the
majority of hydrogen introduced through weld
ing will remain in the austenitic weld metal,
where its solubility is high. A high hydrogen
concentration in the austenitic weld metal is un
likely to cause weld metal hydrogen-induced
cracking, because the embrittling effect of hydro
gen is considerably less in a predominantly
austenitic weld structure than it is in a martensi
tic one.
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Table 1 Properties and filler metals for nominally martensitic stainless steels

ASTM TenoUe otrength Yield strength Elongation, Matching fiUer metalo
Deoignatlon UNSNo. opedficatlon MPa ksl MPa kol % AS.4 AS.9(a) AS.22

XM-32 K64152 A 565 1000 145 790 115 15
403 540300 A 479 480 70 275 40 20 E410-XX ER410 E4lOT-X
410 541000 A 240 450 65 205 30 20 E410-XX ER410 E4101-X
410S 541008 A 240 415 60 205 30 22 E41O-XX ER410 E410T-X
XM-30 541040 A 479 480 70 275 40 13

541041 A 565 790 115 520 75 15
541050 A 240 415 60 205 30 22

414 541400 A 479 790 115 620 90 15
410NiMo 541500 A 240 790 115 620 90 15 E410NiMo- ER410NiMo E410

XX NiMoT-X
416 541600 A 473 480 70 275 40 20 NCW NCW NCW
XM-6 541610 A 582 NS NS NS NS NS NCW NCW NCW
4165e 541623 A 473 480 70 275 40 20 NCW NCW NCW
615 541800 A 565 970 140 760 110 115
420 542000 A 276 NS NS NS NS NS ER420

542010 A 276 NS NS NS NS NS
420F 542020 A 565 NS NS NS NS NS NCW NCW NCW
420FSe 542023 A 565 NS NS NS NS NS NCW NCW NCW
616 542200 A565 970 140 760 110 13
619 542300 A565 970 140 760 110 8
431 543100 A 479 790 115 620 90 15
440A 544002 A 276 NS NS NS NS NS
440B 544003 A 276 NS NS NS NS NS
440C 544004 A276 NS NS NS NS NS
440F S44020 A 582 NS NS NS NS NS NCW NCW NCW
440FSe 544023 A582 NS NS NS NS NS NCW NCW NCW
CA-15 A 743 620 90 450 65 18 E4lO-XX ER4109 E4lOT-X
CA-15M A 743 620 90 450 65 18
CA-40 A 473 690 100 480 70 15 ER420
CA-40F A 743 690 100 480 70 12 NCW NCW NCW
CA6N A 743 970 140 930 135 15
CA-6NM A 743 760 110 550 80 15 E410NiMo- ER410NiMo E410

XX NiMoT-X
CA-28MWV A 743 970 140 760 110 10

NS,notspecified; NCW, not considered weldable. (a)Metal-cored electrodes, indicated by a "C" in place of the "R" in the classification,
are also included.

Except for very small weldments or very-low
carbon base metals, martensitic stainless steels
are not usually used in the as-welded condition.
This is due to the very brittle weld area that
normally results. This area includes the weld
metal itself, if it has a matching or near-matching
composition to that of the base metal, and the
HAZ. However, repair situations can necessitate
that the engineer work with these circumstances.

If a weldment of martensitic stainless steel
must be used in the as-welded condition, then it
is usually best to avoid both autogenous welds
(no filler metal) and welds with matching filler
metals. Small parts that are welded by LBW,
EBW, or GTAW processes are an exception, be
cause residual stresses can be very low and the
welding processes generate almost no diffusible
hydrogen.

If at all possible, an austenitic stainless filler
metal, such as type 309 or 309L, or a duplex
ferritic-austenitic stainless filler metal, such as
type 312, should be chosen, depending on the

base metal. The filler metal choice should provide
for a small amount of ferrite in the weld metal, in
order to avoid hot cracking. This can be antici
pated by using the extended WRC-1992diagram
(Fig.6). If the weld metal is austenite with a little
ferrite, then the weld metal itself will have appre
ciable ductility, and only the HAZ will be at risk
for cold cracking. This possibility can be mini
mized by using high preheat temperatures (200
°C, or 390 OF minimum for type 410 base metal;
350°C, or 660 OF, minimum for types 440A,440B,
and 440C base metals) and slow cooling after
welding.

Example 1: Type 410 Base Metal (0.10C
12.5Cr-0.04N), Creq = 12.5 and Nieq = 4.3, to be
Welded with E309-16 Manual Electrode (0.05C
23.5Cr-13.0Ni-0.06N All-Weld-Metal Composi
tion), Creq=23.5and Nieq =15.95.If the type 410
base metal is plotted in Fig. 6 (point A), along
with the all-weld-metal composition of the E309
16 electrode (point B), then all possible mixtures
of these two metals must lie along the line con-
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Fig. 7 Tempering response (2 h at temperature) of types 420
and modified 420 continuous caster roll overlay. Source:

Ref10
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necting these two points. If the root pass is di
luted with 30% base metal (a typical result to
expect), then the actual root pass composition
will lie along the tie line, 30%of the distance from
point B to point A. This composition is shown as
point C in Fig. 6. It would correspond to slightly
over 8 FN, which is quite safe in terms of the
likelihood of hot cracking.

Furthermore, because the tie line is nearly par
allel to the isoferrite lines in the diagram, major
changes in dilution would have practically no
effect on weld metal ferrite content. Additional
weld passes on top of the root pass would have
compositions that are also along the tie line, but
closer to the E309-16all-weld-metal composition.
Therefore, E309-16 would be a very good filler
metal choice if a nonhardenable weld deposit is
acceptable. By similar reasoning, type 309 (or
309L) would be an excellent choice for GMAW
wire, FCAW wire, or SAW wire.

Matching filler metals are used when the
strength of the weld metal mustbe similar to that
of the base metal or when maximum weld tough
ness is specified. The availability of matching
filler metals is a problem for some martensitic
stainless steels.

For covered electrodes, only E410-XX and
E410NiMo-XX types are commercially signifi
cant, as indicated by the ANSI/AWS A5.4 classi
fication. The same compositions are also the only
entries in the flux-cored electrode standard,
ANSI/AWS A5.22. These compositions, as well
as the ER420 classification, are given as solid
wires in the ANSI!AWS A5.9 standard. There
fore, Table I, which designates matching filler
metals along with selected base metals, has many
voids in the filler metal listings. A few filler metal
producers can produce special orders, such as
tubular metal-cored electrodes, in compositions

Ferritic Stainless Steel Welds

to match the other base metals. Otherwise, the
fabricator may be forced to choose a filler metal
that does not match the base metal.

Type 420. One special case deserves mention.
Literally thousands of tons of filler metal in the
form of tubular wires have been deposited by
submerged-arc overlay of type 420 and modified
composition weld metals on low-alloy steel rolls
for continuous casters. In service, these rolls typi
cally crack from thermal shock. After a period
ranging from 6 months to 1 year, their surfaces
are sufficiently damaged so that they must be
removed from service. Ifcracking is not too deep,
then the cracks can be machined off and the roll
rewelded as before.

A very successful welding procedure has been
to maintain preheat and interpass temperatures
of at least 350°C (660 OF) from the start to the
finish of welding. Because this temperature is
above the M, of the weld metal, the weld metal
remains as austenite during welding, which may
last 1 day or longer. As many as three welding
heads, each using 400 to 900 A, can be used on a
roll that is about 2 m (6.5ft) long, which helps to
keep the roll hot. The welded roll is covered with
insulating material and left to slowly cool to
nearly room temperature. Then it is tempered,
typically at temperatures of 450°C (840 OF) or
higher, to soften the overlay enough to make it
machinable. Molybdenum, vanadium, and some
times niobium can be added to the basic type 420
composition to modify the tempering response
(as well as service performance). Figure 7 illus
trates the change in tempering response that re
sults from the alloy modifications.

Ferritic stainless steels constitute approxi
mately one-half of the SAE/AISI-type 400-series
stainless steels. These steels contain from 10.5 to
30% Cr along with other alloying elements, nota
bly molybdenum. Ferritic stainless steels are
noted for their excellent stress-corrosion cracking
(SCC) resistance and good resistance to pitting
and crevice corrosion in chloride environments.

The ferritic stainless steels can be classified as
Group I alloys, which are the standard ferritic
stainless steels, Group II alloys, which are modi
fied versions of the standard alloys, and Group
III alloys, which contain very low interstitial ele
ment (carbon, nitrogen, and oxygen) contents or
stabilizing elements for improved corrosion re
sistance and ductility in the as-welded condition
(Table 2).

Weldability and Cracking

The term weldability is defined here as meaning
the ease with which sound welds can be made
and the suitability of these welds to perform sat-
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Table 2 Ferritic stainless steel groups

Group

Group I (standard-grade 400 series alloys)
Group II
Group III (ultra-highpurity)
Group TIl(intennediate purity)

Types

429,430, 430F, 430Se, 434, 436, 442, 446
405,409, 409Cb, 441, AL 433, AL 446, AL 468, YU5436S, 12SR, 18SR,406
E-Brite 26-1 (XM-27), AL29-4-2, AL 29-4, YUS190L
26-Ti (544626), 544400, 544660 (SeaCure), 544635 (NuMonit), 544735 (Al-29-4C)

isfactorily in service. It is necessary, therefore,
that weldability include both the mechanical as
pects, such as strength, ductility, and Charpy V
notch impact toughness, and the corrosion as
pects, such as resistance to intergranular attack,
SCC, and general overall corrosion.

The relative performance and weld ability of
ferritic alloys can best be determined by compar
ing the impact fracture behavior of these steels.
Furthermore, impact testing of the HAZ as well
as the weld should be included when qualifying
both the welding procedure specification(s) and
the welder for these materials. In addition to the
Charpy V-notch impact energy (which includes
examination of the DBTT), the lateral expansion
and percent shear fracture of Charpy V-notch
specimens also should be a part of a thorough
analysis of weldability.

Over the years, two schools of thought have
existed on how to weld the Group III ferritic
stainless steels. One school recommends welding
these alloys as one would the austenitics (this is
not acceptable), and the other endorses using
extra care and special techniques somewhat like
those used to weld titanium. Extra care and spe
cial techniques are mandatory for Group III al
loys. While the Group I alloys also require care,
the welding of the Group IT alloys is rather rou
tine.

During the early to mid-1970s, a reluctance de
veloped on the part ofmany users and fabricators
to follow recommended procedures. As a result,
many welds were produced that had inferior cor
rosion resistance, ductility, and impact tough
ness. Because of these problems, the weldability
of the new ferritics was explored by many in the
late 1970s.

The unique as-welded properties of the Group
III ferritics have been made possible by obtaining
either very low levels of impurities, including
carbon, nitrogen, and oxygen (ultrahigh-purity
Grade III alloys) or a careful balance of niobium
and/or titanium to match the carbon, nitrogen,
and oxygen contents (intermediate-purity Group
III alloys). For these reasons, every precaution
must be taken and welding procedures must be
selected that optimize gas shielding and cleanli
ness to avoid pickup of carbon, nitrogen, oxygen,
and hydrogen.

Autogenous welds in ferritic stainless steels ex
hibit relatively simple microstructures. The grain

size gradually increases from the edge of the
HAZ to the fusion boundary. In unstabilized or
niobium-stabilized welds, columnar grains ex
tend from the fusion boundary to meet at a well
defined centerline. In titanium-stabilized or dual
stabilized (niobium and titanium) welds, there is
typically a transition from columnar grains near
the fusion boundary to equiaxed grains near the
weld centerline. The former structure shows a
greater tendency for hot cracking.

With lower-chromium or high-carbon-content
ferritic stainless alloys, such as types 409, 430,
434, 442, and 446, martensite formation during
welding can occur. In the as-welded condition,
the DBTTwill easily be above room temperature,
with increased susceptibility to weld cracking
during and after cooling from the molten state.
Caution is advised when making welds under
high restraint or in heavier section sizes. Preheat
can be used under these conditions to slow the
cooling rate and minimize stresses that can lead
to cracking.

A further word of caution regarding selection
of preheat and welding parameters: whereas
higher heat inputs and preheats can reduce weld
cracking in some ferritic stainless steels, grain
growth in the weld HAZ can occur. Excessive
grain growth can produce losses in fracture
toughness, ductility, and corrosion resistance.

Under some conditions, annealing after weld
ing can be performed to eliminate martensite;
however, the ferrite grains that have coarsened
may grow even more. Annealing after welding
generally is costly, can cause distortion, and usu
ally is not practical in the field. Annealing of
tubular products at the steel mill is the exception
and is performed as standard procedure. This
tube annealing is performed at high rates and is
followed by quenching.

Regardless of the welding process used, joint
preparation and thorough solvent degreasing
(using a solvent that does not leave a residue) on
both sides of the joint (inside and outside) are of
paramount importance.

filler Metal Selection

Welds in ferritic stainless steel base metals can
be produced several ways: (1)autogenously (that
is, without the addition of filler metal), (2)with a
matching filler metal composition, (3) with an
austenitic stainless steel filler metal, or (4)using a
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Table 3 Typical ferritic base metal/filler metal
combinations

Covered electrode,
Basemelal bare rod, or filler wite Application

405 40SNb As-welded
430 Annealed

30B(L),309(L), 31O(ELC) As-welded
409 430 Annealed

30B(L),409, 409Nb, 309LSi As-welded
429 20B(L),309(L), 310(ELC) As-welded
430 430 Annealed

30B(L),309(L), 31O(ELC) Annealed or
as-welded

439 430,43OTi Annealed or
as-welded

442 442 Annealed
30B(L),309(L), 310(ELC) As-welded

446 446 Annealed
30B(L),309(L), 31O(ELC) As-welded

E-Brite 26-1 ER26-1 As-welded
Inconel112, HasteloyC-276, or As-welded

HasteloyC-22
AL29-4C AL29-4-2 As-welded
AL29-4 AL29-4-2 As-welded
AL-29-4-2 AL29-4-2 As-welded

high-nickel filler alloy. Table 3 lists some base
metal/filler metal combinations for several fer
ritic stainless steels.

Before selecting a filler metal, consideration
must be given not only to mechanical property
requirements, especially weld ductility and
toughness (including the weld HAZ), but also to
the level of corrosion resistance required for the
application. Autogenous welding maybe consid
ered for some of the high-purity Group III alloys,
such as E-Brite 26-1. The mill-annealed product
will have good mechanical properties and corro
sion resistance, but if the interstitial levels of car
bon, oxygen, and nitrogen are on the high side of
the specification limits, the autogenous weld will
exhibit not only poor ductility and toughness,
but also poor corrosion resistance. To avoid this
type of problem, material should be purchased
with interstitial element levels on the low side of
the specification range.

Filler metals of matching composition for the
more common grades of Groups I and II ferritic
stainless steels, such as types 409 and 430, are
available as solid wire, metal-cored, or flux-cored
wire (both gas-shielded and self-shielded), cov
ered electrodes, and bare rod. Because of the re
activity of titanium and aluminum and poor
transfer of these elements across the arc, the
availability of consumables containing these ele
ments is usually limited to bare wire or rod.

When nonstandard grade ferritic filler metals
are not available, or because poor wire-drawing
characteristics make production prohibitive,
metal-cored or flux-cored filler metals offer a so-

lution. Weld metal properties should be qualified
before purchase.

Filler metals for the Group III alloys are avail
able as matching composition in bare wire or rod
form. Because Group III weldments are fre
quently used in the as-welded condition, it is
strongly recommended that these filler metals be
purchased having interstitials at the very low end
of the alloy specification. For best ductility,
toughness, and corrosion performance, the inter
stitial element (C + N + 0) content should not
exceed 120 ppm for the ultrahigh-purity grades
(such as E-Brite 26-1,29-4, and 29-4-2).

Because the Group III ferritics of intermediate
purity rely on stabilization with titanium or tita
nium and niobium, welds have such poor tough
ness that welding with these filler metals is lim
ited to very thin section sizes, such as thin-wall
pipe, tubing, or sheet. When better toughness is
required of stabilized grades with a ferritic con
sumable, welding should be performed with an
ultrahigh-purity filler metal containing very low
levels of (C + N + 0). It should be noted that
ultrahigh-purity welding consumables require
careful handling and processing to keep intersti
tials at these very low levels. Keeping them clean
at the job site is also mandatory.

Austenitic stainless steel filler metals are often
used to join ferritic stainless steels to overcome
poor weld ductility and toughness deficiencies;
they do not display a DBTT as do ferritics. Al
though weld metal grain growth is usually not a
problem (because a two-phase mixture of
austenite and ferrite forms), grain growth in the
weld HAZ of the ferritic base metal must not be
overlooked. Sometimes the application of an
austenitic filler can be a problem because of the
rather large discrepancy in thermal expansion
between the two alloys. In this regard, problems
can range from (1)cracking due to thermal stress,
(2)sensitization and loss of corrosion resistance if
the austenitic filler metal is not a low-carbon
grade or stabilized with titanium or niobium
(corrosion can also result because of the heat
from multipass welds or some subsequent ther
mal treatment after welding), or (3) stress relief
that may not be fully effective because of the
thermal expansion differences.

High-nickel alloy filler metals have also been
used successfully to join ferritics, especially the
Group III alloys to themselves as well as to car
bon steel, 300-series stainless steels, duplex stain
less steels, superaustenitic stainless steels, and
nickel-base alloys. Examples of nickel-base filler
metals that have been used successfully are ENi
CrFe-2, ENiCrMo-3, ERNiCrMo-1, and ERNi
CrMo-3. In addition to their outstanding corro
sion resistance, these high-nickel filler metals
have coefficients of thermal expansion that are
similar to those of the ferritics they are joining.



Although they have worked well with E-Brite
alloy, attempts to use them with the 3 to 4% Mo
grades of ultrahigh-purity ferritics have occa
sionally been less successful. Formation of brittle
intermetallic compounds at the fusion boundary
has been encountered in some cases, but good
welds can be produced. Sound welds have been
produced using duplex stainless steel filler metal,
but corrosion resistance of such joints may not be
adequate in some applications.

Undoubtedly, the greatest quantity of ferritic
stainless steel welded at the present time is type
409,which is used for automobile exhaust system
components. The welds are virtually all single
pass fillet or lap welds. The most common filler
metal is a matching composition supplied as a 1.1
mm (0.045 in.) diameter metal-cored wire
(ANSI! AWS A5.9-92 classification EC409 or
EC409Cb),which is used for GMAW with argon
oxygen gas mixtures, such as the popular 98Ar
202 mixture. This filler metal is often used in
robotic welding at high travel speeds and in the
vertical-down position on rotating pieces that are
18 gage or less in thickness. Welding is done in a
short-circuiting transfer mode, or nearly so.

Ferritic Stainless Weld Properties

Effect of Shielding Gas Purity on Weld
Toughness. The primary reasons for using
shielding and backing gas are to protect the mol
ten filler wire tip, the nonconsumable electrode
(when used), the weld pool, and the solidified
weld bead from atmospheric contamination. Re
searchers have shown that gas contaminants can
cause cracking, varying degrees of weld bead
oxidation, arc instability, and degradation of me
chanical and corrosion properties. A particular
gas or gas mixture might be used because of its
availability or for enhanced arc stability, a par
ticular mode of weld metal transfer, enhanced
penetration or bead profile, or easier arc ignition.

There is no question that quality welds require
quality shielding. It is essential that clean gas be
maintained and delivered to the point of use.
From a practical standpoint, factors that have
been identified as relating to "bad gas" and weld
ing problems include:

Contaminated gas cylinders (by mois
ture/air)
Contaminated and/or leaking gas manifold
systems
Damaged, defective, or loose shielding/back
ing gas line fittings
Intrusion of contaminants when mixing gases

Achieving gas quality at the point of use can be
difficult. Welding problems can occur with a sin
gle cylinder of gas or a series of cylinders. A
manifold system can be particularly difficult to
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deal with because of its long length and numer
ous welding stations. As a result of poor gas
quality, defects are produced that require repair,
job completion can be delayed, and job quality
can be compromised. The solution is a portable,
cost-effective system that will remove contami
nants from the shielding gas and backing gas, not
only when working in the shop, but also in the
field.

Because ferritic stainless steels are sensitive to
interstitial element contaminants, it is important
that these elements be removed so as not to de
grade properties such as ductility, toughness,
and corrosion resistance. Impurities commonly
found in gas cylinder or manifold systems are
moisture, oxygen, hydrocarbons (such as oils
from compressors), and carbon dioxide (when
not intentionally added). Moisture in CO2 gas is
also a common problem.

There are systems on the market that can elimi
nate gas contaminants to levels below 1 ppm, but
they must rely on multicomponent, energy-in
tensive gettering. These systems are heavy, flow
rates are usually restrictive, and lack of portabil
ity is a problem. Another system relies on a resin
that is a single rechargeable compound, can effec
tively remove a variety of impurities to less than
10 ppb, operates at room temperature, and is
light and portable.

Hydrogen EmbrittIement. Like other ferritic
materials, the ferritic stainless steels are suscepti
ble to hydrogen embrittlement. For this reason,
the use of hydrogen-containing shielding gas
should be avoided. Hydrogen can also be created
from water, water vapor, or oils, and these
should be rigorously excluded from the weld
region. The presence of hydrogen in the weld can
lead to cracking of the weld bead shortly after
welding. It can also reduce ductility in uncracked
welds. Hydrogen is often spontaneously out
gassed from these alloys at room temperature
and is readily lost during low-temperature (90to
200°C, or 200 to 400 OF) heat treatments. Hydro
gen outgassing at room temperature, if it will
occur, requires a few days to a few weeks. Surface
films of oxides and / or nitrides can inhibit hydro
gen outgassing, and it may be necessary to re
move such films to facilitate hydrogen outgass
ing and restoration of ductility. Sensitivity to
hydrogen is a function of alloy composition, mi
crostructure, and strength. In general, the stabi
lized, high-chromium-plus-molybdenum mate
rials, such as AL 29-4C alloy, are more sensitive
than the high-purity, lower-chromium-plus-mo
lybdenum materials, such as the E-Brite alloy.

Preheating. One of the main reasons for pre
heating is to reduce the temperature gradient
between the weld area and the unaffected base
metal. Any austenite that forms in nominally fer
ritic stainless steels will air harden to martensite
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Fig. 8 Effectof interstitial levels and chromium content on as
welded ductility and intergranular corrosion resistance.

Source: Ref11

even in heavy (>300 mm, or 12 in., diameter)
sections. Preheating light-gage sheet will not pre
vent the formation of martensite. It is also un
likely that enough preheat could be applied to
produce any significant post-transformation
tempering. Hydrogen may be a factor in situ
ations involving high stress and restraint. When
additional preheat time is allowed, the hydrogen
can diffuse out safely. Ferritic stainless steels that
would benefit from preheat would be the Group
I types (430,434,442, and 446).

When required, a preheat in the range of 150to
230°C (300to 450 OF) is usually sufficient. Section
sizes of 6 mm (% in.) or smaller generally do not
need preheat, but such parameters as joint de
sign, restraint, welding process, cooling rate, and
dissimilar metal combinations (different CTEs),
and base metal composition should be reviewed
before making a final decision.

Preheat should not be used on the Group III
alloys, especially the ultrahigh-purity steels.
These alloys do not form martensite when
welded, so no preheat is necessary. Furthermore,
because these alloys have such low levels of im
purities, excessive grain growth would occur
compared with the Group I and Group n alloys.

Postweld annealing is normally performed on
the Group I ferritic stainless steels. The purpose
is to transform any martensite that may have
formed during welding into a wholly ferritic
structure (usually containing some spheroidized
carbides) or to remove effects of high-tempera
ture embrittlement and improve corrosion resis
tance. Annealing under these conditions does not
refine coarsened ferrite grains; some form of
metalworking is needed to achieve recrystalliza
tion and grain refinement.

When postweld annealing is required, the rec
ommended temperature range is 790 to 850°C
(1450 to 1550 OF). At these temperatures consid
eration must be given to oxidation of the metal
surface and distortion effects. Fixturing to pre-

(a) Intergranular corrosion resistance in boiling 50% ferric
sulfate-50% sulfuric add solution. (b) No cracking as
detenninedby slow bending around asmm (0.2 in.) mandrel

vent metal deformation may be required. Sigma
and X formation is typically not a problem with
the Group I alloys.

Cooling from the annealing temperature must
be done carefully. Furnace cooling to 600°C (1100
OF) is usually specified to minimize distortion
from handling. Rapid cooling through the tem
perature range of 565 to 400 °C (1050to 750 OF) is
necessary to avoid 475°C (885OF) embrittlement.
Depending on section thickness, forced-air cool
ing or water-spray quenching is usually per
formed.

Group III ferritic stainless steels (ultralow in
terstitials and the stabilized grades), particularly
the high-chromium high-molybdenum alloys,
are typically not annealed after welding because
of the danger of precipitation of (J and X phases
in the temperature range of 550 to 900°C (1020to
1650 OF) unless the anneal is followed by a rapid
quench. However, postweld annealing of welded
tubes is common.

Corrosion Resistance. Investigators have de
termined that the loss of corrosion resistance of
ferritic stainless steels after welding is caused by
chromium depletion upon cooling from expo
sure to temperatures of 925°C (1700OF). Sensiti
zation due to chromium depletion occurs by
holding or cooling through the temperature
range of 425 to 700 °C (800 to 1300 OF). In the
temperature range from 700 to 925°C (1300 to
1700 OF), rapid diffusion of chromium in ferrite
occurs, replenishing the chromium-depleted
zones. For this reason, weldments that are an
nealed at 790 to 850°C (1450 to 1550 OF) show
good intergranular corrosion resistance despite
the presence of intergranular precipitates of chro
mium-rich carbides and nitrides. Below 700°C
(1300 OF), little chromium diffusion occurs and
corrosion resistance is not completely restored.

Conventional (Group I)400-series ferritic stain
less steels, such as types 430, 434, and 446, are
susceptible to intergranular corrosion and to em
brittlement in the as-welded condition. Corro-
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sion in the weld area generally encompasses both
the weld metal and weld HAZ. Early attempts to
avoid some of these problems involved the use of
austenitic stainless steel filler metals; however,
failure by corrosion of the HAZ usually occurred
even when exposure was to rather mild media for
relatively short periods of time.

To overcome some of these earlier difficulties
and to improve weldability, several of the stand
ard grade ferritic stainless steels were modified.
For example, type 405,containing nominally 12%
Cr, is made with lower carbon and a small alumi
num addition of 0.20%to restrict the formation of
austenite at high temperatures so that hardening
is reduced during welding. For maximum ductil
ity and corrosion resistance, however, postweld
annealing is necessary. Recommendations for
welding include either a type 430 or 309 filler

metal, the latter being used when increased weld
ductility is desired.

Reducing the total interstitial element levels in
ferritic stainless steels improves weldability and
corrosion resistance. Figure 8 shows the relation
ship of chromium content and (C +N) content on
the combined properties of as-welded corrosion
resistance and ductility. Table 4 lists this relation
ship separately for each property. As chromium
content increases, the amount of (C + N) that can
be tolerated for intergranular corrosion resis
tance increases. Conversely, for as-welded ductil
ity, the amount of tolerable (C +N) is drastically
reduced. Thus, at low chromium levels, as
welded corrosion resistance is the controlling fac
tor; at high chromium levels, as-welded ductility
is the factor that limits the use of high-chromium
stainless steels.
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To improve the corrosion resistance of ferritic
stainless steels, two practical methods have been
applied:

Lower interstitial levels: Because the solubility
of interstitial elements is low in ferrite, new
melting and refining practices have been used
to produce ultrahigh-purity ferritic (Group
Ill) stainless alloys like those shown in Table
2. With these low levels of carbon and nitro
gen, chromium carbide and nitride precipita
tion cannot occur to a harmful degree; thus,
as-welded ductility and corrosion resistance
are maintained.
Stabilization of carbon and nitrogen: This is
achieved by the addition of carbide- and ni
tride-forming elements that are more stable

than chromium carbides and chromium ni
trides. Titanium and/or niobium are used to
tie up the carbon and nitrogen in the matrix.
Stabilization has proved effective in prevent
ing sensitization of ferriticalloys such as l8Cr
2Mo and 26Cr-lMo, as well as the higher
chromium-molybdenum grades. Investiga
tors have shown, however, that if excessive
amounts of stabilizer are used beyond what is
required for corrosion resistance, ductility
and room-temperature impact properties are
degraded.

Corrosion resistance can also be improved by
following proper welding procedures and rec
ommendations. As described previously, pre
heating (except to remove moisture) or PWHT
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(a) (b)

Fig. 11 Top surfaces of subsca le varestraint lest typ e444 stainlesssteel CTAW. (a)Titanium stabilized (0.33 3 Ti) type 444 . (b) Ni obium
stabilized (0.401% Nb) 444 . Source: Ref 15

should not be performed. Postweld heat treat
ment is used only with the conventional ferritic
stainless alloys .

Weld toughness is an important property of
great interest to the design engineer as well as to
the end user because of the influence of weld
defects or notches on the performance of a mate
rial, such as in a piping system or pressure vessel,
especially under high-strain-rate conditions. Be
cause ferritic stainless steels undergo a transition
from ductile to brittle behavior as the tempera
ture decreases, there is a rather good correlation
between the DBTI and weldability.The common
method used to measure DBTT is the Charpy
V-notch test. Section size and thickness have a
significant effect on the impact toughness of fer
ririe stainless steels (and all ferritic alloys).

The cooling rate from peak welding tempera
tures is very important because toughness ap
pears to be strongly related to the precipitation
and morphology of carbides and nitrides. Even in
ultrahigh-purity E-Brite 26-1, chromium nitrides
have been observed. Depending on cooling rate,
these precipitates will align along the grain
boundaries or intragranularly within the matrix.
For this reason, grain size is important. The finer
the grain size, the more uniform the properties
and the tougher the material.

Figure 9 illustrates the effect of carbon, nitro
gen, and stabilizing elements on 26Cr-1Mo al
loys. Low interstitial levels correspond to lower
DBTI values. It has been observed that notch
brittleness is the result of the total interstitial
element content (C + N), rather than the absolute
value of each. Reducing the total interstitial ele
ment levels in ferritic stainless steels improves
weldability and notch toughness.

Another comparison is shown in Fig. 10. Here,
the higher the purity of a 26Cr-1Mo alloy, the
better the notch toughness and the lower the
DBTI when compared to a 26Cr-1Mo alloy stabi-

lized with titanium. Although the titanium-stabi
lized alloy was 3 mm (l/s in.) thick compared to
the 6 mm (l,4 in.) thick E-Brite plate, the ultra
high-purity alloy had decidedly superior notch
toughness (DBTI = -40 °C, or -40 OF, for E-Brite
vs. DBTI =80 °C, or 175 OF, for 26-1 with tita
nium),

If the alloy thickness is reduced below 3 mm
(% in.), the stabilized grades start to display
somewhat improved toughness, Because of the
difficulty of measuring Charpy V-notch impact
toughness in such thin gages, weld ductility as
measured by a bend test (see Table 4) or bend
angle has been determined to be an acceptable
method of measuring weldability. Under these
conditions, stabilized ferritic stainless steels have
excellent as-welded ductility when stabilizers are
present in the minimum amounts necessary for
stabilization, but the room-temperature impact
properties suffer. When excessive stabilizing ele
ment(s) are present, weld ductility decreases as
excess stabilizer content increases. If welding
techniques are poor and shielding gas is contami
nated, the amounts of stabilizer added to prevent
sensitization and embrittlement may be insuffi
cient to combine with all of the carbon and nitro
gen. Oxygen pickup can also be detrimental, The
result is loss of ductility, toughness, and corro
sion resistance. Shielding gas purity must not be
overlooked.

Dissimilar austenitic filler metals can be used to
overcome the difficulties of higher-than-desired
weld metal DBTT. Typically Charpy V-notch
toughness data are shown in Fig. 10(b).

Hot Cracking. Weld and HAZ hot cracking in
the ferritic stainless steels is not as common a
problem as with austenitic stainless steels. This is
a result of the lower CTE of the ferritic stainless
steels, as well as the greater solubility of sulfur
and phosphorus in ferrite. However, excessive
amounts of stabilizing elements have been

Next Page
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shown to cause hot cracking as well as reduced
ductility. Figure 11 shows hot cracks in the top
surfaces of autogenous gas-tungsten arc welds in
two type 444 ferritic stainless steel subscale
varestraint test specimens. The stabilized alloys
were found to be more susceptible to hot crack
ing than an alloy of similar composition with
ultralow levels of impurities.

The alloy that contained 0.40%Nb as a stabiliz
ing element cracked more severely than the alloy
that contained 0.333%Ti, but the worst cracking
occurred in an alloy that contained both niobium
(0.394%) and titanium (0.171%). The high-purity
alloy that contained a total (C + N) content of 47
ppm (and no stabilizing elements) produced no
hot cracks when tested under the same condi
tions. Although sulfur and phosphorus can also
cause hot cracking in the ferritic stainless steels,
the excess levels of niobium and titanium (above
that necessary to tie up the carbon and nitrogen)
are a more common cause of hot cracking. Thus,
the stabilizing elements must be kept to the mini
mum practical levels to avoid hot cracking and
reduced ductility.

Along with hot cracking, which is not often a
problem for ferritic stainless steel welds, auto
genous welds in alloys stabilized only with nio
bium often suffer from low ductility and poor
toughness. In highly restrained situations, cracks
may propagate in the weld along its length. For
this reason, ferritic stainless steels of high or in
termediate interstitial content stabilized only
with niobium are rarely welded. (Titanium-free,
stabilized ferritic stainless steels do, however,
provide better brazeability and may be selected
for brazed rather than welded applications.) Re
duction of total interstitial element content to
below approximately 0.02% largely eliminates
this problem. Thus, the Group III ultrahigh-pu
rity alloys that contain niobium additions can be
welded without fear of cracking. Addition of ap
proximately 0.05%Ti or greater causes equiaxed
grains to form near the weld centerline and yields
improved weld properties. Thus, dual stabilized,
intermediate-purity Group III ferritic stainless
steels are used to provide toughness in both the
base metal and the weld regions.

Austenitic Stainless Steels

The austenitic stainless steels are generally con
sidered the most weldable of the stainless steels.
Because of their physical properties, their weld
ing behavior may be considerably different from
those of the ferritic, martensitic, and duplex
stainless steels. For example, the thermal conduc
tivity of typical austenitic alloys is only approxi
mately half that of the ferritic steels. Therefore,
the weld heat input that is required to achieve the
same penetration is considerably reduced. In

contrast, the CTEof austenite is 30 to 40%greater
than that of ferrite, which can result in increases
in both distortion and residual stress because of
welding. The molten weld pool of the austenitic
stainless steels also tends to be more viscous, or
sluggish, than ferritic and martensitic grades.
This impedes the metal flow and wettability of
welds in these materials, which may promote
lack-of-fusion defects.

A major concern when welding the austenitic
stainless steels is susceptibility to solidification
and liquation cracking. However, these materials
can be very resistant to these forms of high-tem
perature cracking if the material is composition
ally balanced such that the solidification behav
ior and microstructure are controlled to ensure
that the weld metal contains more than 3 vol%
ferrite.

In cases where fully austenitic welds are re
quired, such as when the weld must be nonmag
netic or when it is placed in corrosive environ
ments that selectively attack the ferrite phase, the
welds will solidify as austenite and the propen
sity for weld cracking will increase. In some al
loys, such as type 310 and the superaustenitic
grades, all the allowable compositions within the
specification range solidify as austenite when
welded. To minimize cracking in these welds, it
is generally advisable to weld with low heat in
put and under low-constraint conditions.

Welds that are made at slower speeds and pro
duce elliptical rather than teardrop-shaped pools
are also generally less susceptible to cracking.
This effect is particularly pronounced when
welding thin sheet, as in the production of thin
wall tubing. Residual elements, which form low
melting liquid phases that promote cracking,
should be kept to a minimum. These elements
include phosphorus, sulfur, boron, selenium,
niobium, silicon, and titanium. Small additions of
oxygen and nitrogen are somewhat beneficial
and are thought to affect the wetting charac
teristics of the liquid phases. However, high con
centrations of these elements may promote po
rosity. Manganese also can reduce cracking
susceptibility, primarily by tying up sulfur and
silicon that would otherwise be available to form
low-melting phases.

Measurement of Weld Metal Ferrite

Weld metal ferrite content significantly influ
ences both the weldability and service perform
ance of austenitic stainless steels. Weld metal fer
rite content can either be predicted using
constitution diagrams, such as the WRC-1992
diagram (Fig. 6), or measured using instruments
that take advantage of the ferromagnetic charac
teristics of the ferrite phase.

The term Ferrite Number has been adopted as a
relative measure for quantifying ferrite content

Previous Page
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using standardized magnetic techniques (Ref16).
The FN approach was developed in order to re
duce the large variation in ferrite levels deter
mined for a given specimen when measured us
ing different techniques by different laboratories.
Ferrite Number approximates the "volume per
cent ferrite" at levels below 8 FN. Above this
level, deviation occurs/ where the FN value ex
ceeds the actual volume percent ferrite. For ex
ample/ a weld metal with 16 FN contains ap
proximately 13.8 vol%.

A number of instruments are commercially
available for determining the ferrite content of
welds, including the Magne gage, Severn gage,
and ferrite scope. The Severn gage and ferrite
scope are particularly applicable for use in the
field or on the production floor. The ferrite scope
is also useful in measuring ferrite on welds of
small cross section, as is often the case with elec
tron-beam welds. Calibration procedures for
magnetic measurement techniques are recom
mended in AWS A4.2 (Ref16).These procedures
use either the thickness standards of the U.S.
National Institute of Standards and Technology
or actual weld metal standards that include certi
fied levels of weld metal ferrite.

It is important to understand that it is impossi
ble to accurately determine the absolute ferrite
content of austenitic stainless steel weld metals.
Even on undiluted weld pads, ferrite variations
from pad to pad must be expected because of
slight changes in welding and measuring vari
ables. On a large group of pads made from one

heat or lot, using a standard pad welding and
preparation procedure, two sigma values indi
cate that 95%of the tests are expected to be within
a range of approximately ± 2.2 FN at about 8 FN.
If different pad welding and preparation proce
dures are used, then these variations will in
crease. Variations are also introduced based on
the composition of the ferrite. The magnetic at
traction of the ferrite may vary significantly with
chemical composition. Thus, for the same vol
ume percent ferrite, the FN determined by mag
netic instruments may vary for weld pads made
using different filler materials.

Even larger variations in ferrite content may be
encountered if the welding technique allows ex
cessive nitrogen pickup, in which case the ferrite
can be much lower than otherwise expected. A
nitrogen pickup of 0.10% typically will decrease
the FN by about 8.

Austenitic stainless steel base materials are in
tentionally balanced compositionally to produce
inherently lower ferrite content than matching
weld metals. This is done, in part, to facilitate the
hot workability of the material during forging,
extrusion, and rolling operations. For this reason,
special attention is required when making auto
genous welds if primary ferrite solidification is
desired to prevent solidification cracking. In gen
eral/ weld metal diluted with base metal will also
be somewhat lower in ferrite than the undiluted
weld metal. For example, this effect is commonly
observed when welding type 304 or 304L base
metals with ER308or ER309filler materials.
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The agreement between the predicted and
measured weld metal ferrite content is also
strongly dependent on the accuracy of the chemi
cal analysis. Variations in the results of the
chemical analyses encountered from laboratory
to laboratory can significantly affect the pre
dicted ferrite level, particularly if these variations
occur in the detection of carbon and nitrogen. It
is not uncommon for predicted and measured
ferrite levels to differ by as much as 4 to 8 FN.

Weld Defect Formation

Solidification cracking, which results from the
formation of low-melting liquid films along grain
boundaries during the last stages of solidifica
tion, is probably of greater concern to the weld
ing engineer than is any other metallurgical de
fect in austenitic stainless steel welds. Welds that
solidify as primary austenite maybe very suscep
tible to solidification cracking. This susceptibility
is increased by elements that promote the forma
tion of liquid phases. These elements include
phosphorus and sulfur, which are often present
as impurities, and silicon, niobium, titanium, and
boron, which are sometimes present as minor
alloying additions. In these welds, high manga
nese levels may be beneficial in reducing crack
ing, for example, by tying up sulfur and silicon.
Several percent of eutectic ferrite may be some
what beneficial in counteracting the detrimental
effect of phosphorus and sulfur. However, be
cause the amount of eutectic ferrite is alloy de
pendent and seldom exceeds several percent (see
Fig. 6), it is not a practical solution for improving
cracking resistance.

Cracking susceptibility is drastically reduced
in welds that solidify as primary ferrite with the
peritectic/eutectic solidification of austenite (FA
type), even at high levels of phosphorus and sul
fur, as shown in Fig. 12. Welding electrodes such
as 308L are specifically designed to produce a
desired range of ferrite and thus promote this
solidification mode. In applications where no
such filler metal is used and cracking is a concern,
it may be necessary to limit composition ranges
or to select heats of material that solidify in this
mode.

However, at the higher Creq/Nieq ratios, where
welds solidify completely as ferrite, and when
the transformation of ferrite to austenite occurs at
lower temperatures, cracking susceptibility
again increases, although not to the extent of
welds solidifying as austenite. Welds that solid
ify as ferrite and exhibit skeletal and lathy mor
phologies are very resistant to cracking, whereas
cracking increases in welds that exhibit micro
structures of Widmanstatten austenite.

Heat-affected zone liquation cracking is occa
sionally observed in austenitic stainless steels,
particularly in the stabilized grades (containing

titanium and/or niobium). This cracking occurs
as a result of the constitutionalliquation of car
bides, such as niobium carbide, in type 347 alloy,
resulting in grain-boundary liquation. Heat-af
fected zone cracking can also occur in other alloy
types as a result of impurity segregation along
HAZ grain boundaries. This form of cracking is
always intergranular and is located immediately
adjacent to the weld fusion boundary. Occasion
ally, cracking is continuous across the fusion
boundary into the weld metal.

Analogous to weld solidification cracking, al
loys with a ferrite potential (predicted FN) above
approximately 2 to 3 FN are generally resistant to
HAZ liquation cracking. This results from the
formation of ferrite along HAZ grainboundaries.
Heat-affected zone cracking that is due to grain
boundary liquation also can be limited by mini
mizing heat input. Lower weld heat inputs result
in steeper HAZ thermal gradients, thereby limit
ing the spatial extent over which cracking is pos
sible.

Weld metal liquation cracking is defined as
HAZ cracking that occurs in weld metal. By defi
nition, this form of cracking is associated with
multipass welds. The cracking that occurs is
sometimes referred to as "microfissuring," or un
derbead cracking, because the cracks are typi
cally small and located adjacent to the interpass
fusion boundary in the previously deposited
weld metal. These defects are almost always as
sociated with fully austenitic weld metal and are
located along solidification grain boundaries or
migrated grain boundaries.

Analogous to weld solidification cracking,
weld metal liquation cracking can generally be
avoided by reducing the impurity levels in fully
austenitic microstructures or by selecting filler
metals that produce weld deposits containing
more than approximately 3 FN.

Copper contamination cracking adjacent to
austenitic stainless steel welds can also occur as a
result of contact with copper or copper-bearing
alloys, such as brass. This type of cracking is a
form of liquid-metal embrittlement, whereby
molten copper embrittles austenitic grain
boundaries. Because copper melts at 1083 °C
(1981 OF), this type of cracking caused by pure
copper is only observed in regions of the weld
(typically, the HAZ) that are heated near or
above this temperature. Cracking is always inter
granular, and traces of copper or copper-rich ma
terial usually can be observed along the grain
boundary.

This contamination can often be traced to cop
per weld fixturing, contact tips, or fabrication
tools. The use of alternate fixturing, often incor
porating chromium plating, and the prevention
of copper abrasion normally eliminate the prob
lem.



Ductility dip cracking occurs in the solid state
and is typically associated with the HAZ or weld
metal in highly constrained welds or thick sec
tions. Such cracking occurs as a result of strain
induced grain-boundary precipitation, which
limits mid-temperature ductility, but it is much
more common in precipitation-strengthened
nickel-base alloys. However, this type of cracking
has been observed in type 347 alloy, resulting
from strain-induced precipitation of niobium
carbides.

Weld porosity can result either from alloying
additions (especially in the high-nitrogen alloys)
or from contamination. In the Nitronic alloys, for
example, nitrogen levels near the upper limit of
0.4% can result in porosity in gas-tungsten arc
weld deposits, whereas lower levels (above ap
proximately 0.25%)can result in excessive poros
ity in electron-beam welds. Porosity can also oc
cur as a result of surface contamination, such as
by oil and greases or undetected leaks in water
cooled welding torches or weld"fixtures. Thus,
surfaces should be thoroughly cleaned prior to
welding. If wire brushing is used, then the
brushes should be made of stainless steel and
dedicated to stainless usage, rather than made of
steel, which can result in iron deposition and
in-service corrosion.

Weld penetration characteristics of austenitic
stainless steels are generally poor, relative to fer
ritic and martensitic grades, because of the low
thermal conductivity of the austenite. In addi
tion, large heat-to-heat variations in weld pene
tration can occur when welding austenitic stain
less, especially in autogenous welds or the root
pass of multiple-pass gas-tungsten arc welds.
These penetration variations have been attrib
uted primarily to minor elements affecting the
surface-tension-driven fluid flow within the
weld pool.

The elements that influence penetration tend to
be surface active and include sulfur, selenium,
and oxygen. When present in sufficient quantity,
these elements tend to increase weld penetration.
However, other elements can have synergistic
effects. Aluminum combined with oxygen can
mitigate the effect of oxygen. Thus, high levels of
aluminum can decrease penetration. For exam
ple, heats of type 304Lalloy with low sulfur con
tents (0.001 to 0.003 wt%) may have a weld
depth-to-width ratio of only 0.25, whereas the
same material, but with a sulfur content of 0.01
wt%, welded under identical conditions, will ex
hibit a depth-to-width ratio of greater than 0.5.
Increased surface-oxygen content that results
from wire brushing may also produce increase
depth-to-width ratios in materials that otherwise
have low penetration characteristics. However,
this method is not often practiced because of
problems with reproducibility.
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• 9Ni alloy with various carbon contents. Source: Ref18

In autogenous welds, penetration control is
best achieved by the proper selection of base ma
terials. The addition of hydrogen and helium to
argon shielding gas may help to compensate for
poor penetration. For example, 98Ar-2H2and Ar
5H2 are commonly used in the manufacture of
welded tubing to increase penetration at high
travel speeds. Trirnixes of argon, helium, and
hydrogen may also be used to increase weld
penetration.

Sigma-Phase Embrittlement

Sigma is a hard, brittle phase that can form in
stainless steels when they are held in the tem
perature range from approximately 600to 800°C
(1110 to 1470 OF). The tendency for a-phase for
mation increases with increasing amounts of
chromium, molybdenum, and silicon and is re
duced somewhat by nitrogen, nickel, and carbon.
As a consequence of alloy partitioning during
both solidification and the solid-state transfor
mation of ferrite to austenite, ferrite is enriched in
the alloying elements, which promotes the a
phase, and is depleted in the elements that retard
its formation. Thus, ferrite in austenitic stainless
welds is especially susceptible to a-phase forma
tion. The a-phase has been observed to nucleate
preferentially at the ferrite-austenite interface in
weld metal.

The notorious effect of a-phase is a decrease in
ductility and toughness. When materials are to be
used in elevated-temperature service, the effects
of a formation must be considered. The a-phase
can be minimized by using filler materials that
produce fully austenitic structures. However,
even in these compositions, a-phase formation
can still occur, initiating in chromium-enriched
interdendritic boundaries.

In cases where solidification cracking is a con
cern, some ferrite in the weld deposit is required.
Weld metal ferrite content should be controlled
in the range from 3 to 8 FN to prevent the forma-
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tion of a continuous network of ferrite. Because
the chromium content of a is nearly double that
of the weld ferrite, the potential maximum level
of the a-phase is always less than that of the
original weld metal ferrite.

Corrosion Behavior

Austenitic stainless steel weldments are often
subject to corrosive attack. The nature of this
attack is a function of weld thermal history, serv
ice temperature and environment, and stress
level (both residual and applied). Four general
types of corrosive attack have been reported:

Intergranular attack
Stress-corrosion cracking
Pitting and crevice corrosion
Microbiologically influenced corrosion

Each phenomenon and its effect on service in
tegrity are discussed below.

Carbide Precipitation and Intergranular Cor
rosion. Austenitic stainless steel weldments have
often been subject to intergranular attack. This
behavior is particularly prevalent in chloride
bearing aqueous environments, and it is usually
typified by accelerated attack in the HAZ. The
basis for this attack is related to a phenomenon
known as sensitization, whereby exposure or
slow cooling in the temperature range from 400
to 850°C (750to 1550 OF) promotes the formation
of chromium-rich carbides (M23C6) along the
austenite grain boundaries. This temperature
range is commonly described as the "sensitiza
tion" temperature range, because exposure
within it makes austenitic stainless steels particu
larly sensitive to intergranular attack.

For a given thermal history, the level of precipi
tation and the associated degree of sensitization
are approximately proportional to the carbon
content of the austenitic stainless steel. Conven
tional austenitic stainless steels can retain a maxi
mum of about 0.02 wt% C in solid solution over
their service temperature range (up to 600°C, or
1110OF). Thus, as carbon content increases above
this level, the driving force for carbide precipita
tion increases.

This can be illustrated by the time-tempera
ture-precipitation curves shown in Fig. 13 for an
18Cr-9Ni alloy. Because of this, low-carbon
grades of stainless steel (the so-called L-grades)
are preferred for corrosive service where weld
ments must be used in the as-welded condition.
The use of "stabilized" alloys, such as types 321
and 347,which contain additions of titanium and
niobium, respectively, are also effective in reduc
ing susceptibility to intergranular attack. Both
titanium and niobium form stable carbides in the
base metal that resist dissolution in the weld

HAZ and/or at service temperatures in the sen
sitization range.

A phenomenon known as "knifeline" attack
has been observed in the stabilized grades. How
ever, its occurrence is associated with localized
HAZ attack adjacent to the weld fusion bound
ary. Where temperatures exceed 1300 °C (2370
OF), niobium carbide and titanium carbide pre
cipitates may dissolve and, upon reheating into
the sensitization temperature range, chromium
carbide (M23C6-type) precipitation occurs prefer
entially to the reformation of either niobium car
bide or titanium carbide. Subsequent exposure to
a corrosive medium may result in intergranular
attack that is extremely localized. In severe cases,
it may often appear as if the weld has been cut out
byaknife.

Weld metals containing even small amounts of
&-ferrite are not generally susceptible to such se
vere sensitization as wrought material of similar
composition. In ferrite-containing weld metal,
carbide precipitation occurs more uniformly
throughout the structure at the austenite-ferrite
interphase boundaries. Because the ferrite phase
has a relatively high chromium content (of the
order of 25 wt% in an 18Cr-8Ni alloy), chromium
depletion caused by carbide formation is not so
significant. Consequently, weld metal is not gen
erally susceptible to intergranular corrosion.
However, fully austenitic weld metals may be
susceptible to intergranular attack when exposed
to severely corrosive environments.

In general, it is possible to either minimize or
eliminate intergranular attack when exposed to
severely corrosive environments.

In general, it is possible to either minimize or
eliminate intergranular attack in austenitic stain
less steel weldments by using one or more of
these methods:

Use a low-carbon-content alloy, such as L
grade alloys with carbon contents on the or
der of 0.03wt%.
Use alloys that are stabilized by additions of
niobium and titanium (such as types 347 and
321).
Anneal the material prior to welding to re
move any prior cold work (coldwork acceler
ates carbide precipitation).
Use low weld heat inputs and low interpass
temperatures to increase weld cooling rates,
thereby minimizing the time in the sensitiza
tion temperature range.
In pipe welding, water cool the inside diame
ter after the root pass, which will eliminate
sensitization of the inside diameter caused by
subsequent passes.
Solution heat treat after welding. Heating the
structure into the temperature range from 900
to 1100 °C (1650 to 2010 OF) dissolves any



carbides that may have formed along grain
boundaries in the HAZ. (For large structures,
this approach is usually impractical.)

The intergranular attack of the weld HAZ has
also been observed at service temperatures well
below the classic sensitization temperature
range. This behavior, often called low-tempera
ture sensitization (LTS), typically occurs after
years of service exposure at temperatures below
400°C (750 OF), even in low-carbon grades. Cor
rosive attack occurs via the chromium-depletion
mechanism described previously. In order to
combat LTS,either stabilized alloys or alloys con
taining higher nitrogen contents (such as type
316LN) are substituted for conventional or L
grade materials.

Pitting, Crevice Corrosion, and Microbiologi
cally Influenced Corrosion. Localized attack in
the weld metal or HAZ may occur in the form of
pitting or crevice corrosion, particularly in aque
ous, chlorine-bearing environments.

Microbiologically influenced corrosion (MIC)
often occurs preferentially in the weld metal of
austenitic stainless steels. This curious form of
attack is restricted to aqueous environments con
taining microbes that attach to the surface of the
weld. In pipe welds, pitting from MIC often initi
ates at the weld fusion line and proceeds into the
weld metal. Sensitized HAZs also are common
regions of attack, although the most preferred
site of attack seems to be the weld metal. Attack
is a strong function of pitting resistance of the
material and is thus more common in type 304
alloy than in type 316.

Surface condition appears to have a large effect
on MIC. Machining and grinding conducted on
the inside of piping are thought to increase sus
ceptibility to MIC by introducing rough surfaces
for easy attachment by microbes and residual
stresses, as well as localized metallurgical
changes and corrosion pitting.

filler Metal Selection

Most weldments in nominally austenitic stain
less steel base metals are put into service in the
as-welded condition. In contrast to the situations
with martensitic and ferritic stainless steel base
metals, many of the nominally austenitic stain
less steel base metals have matching, or near
matching, welding filler metals. In many cases, a
nearly matching filler metal is a good choice.

Filler metal selection and welding procedure
development for austenitic stainless steel base
metals primarily depend on whether ferrite is
possible and acceptable in the weld metal. In
general, if ferrite is both possible and acceptable,
then suitable choices of filler metals and proce
dures are many. If the weld metal solidifies as
primary ferrite, then the range of acceptable
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welding procedures can be as broad as it would
be for ordinary mild steel. However, if ferrite in
the weld metal is neither possible nor acceptable,
then the filler metal and procedure choices are
much more restricted because of hot-cracking
considerations.

Most filler metal compositions are available in
a variety of forms. When the presence of ferrite is
possible, some filler metal manufacturers will tai
lor it to meet specific needs, at least in filler metals
that are composites (for SMAW, FCAW, and met
al-cored wires for GMAW or SAW processes).
For example, in type 308 or 308L filler metals,
which are typically selected for joining base met
al types 302,304, 304L,or 305, the filler metal can
be designed for zero ferrite, more than 20 FN, or
any FN value between these extremes and still be
within the composition limits for the classifica
tion in the relevant AWS filler metal specifica
tion.

In solid wires of type 308 or 308L, which are
used for GMAW, GTAW, and SAW processes,
the potential ferrite content of all-weld metal is
often designed by the steel producer to provide
maximum yield from the heat of steel. Stainless
steel producers have generally found that the
yield from a heat of steel, which will be reduced
to "green rod" for supply to a filler metal pro
ducer, is maximized when the ferrite content
ranges from 3 to 8 FN, based on the WRC-1988
diagram. Weld rod demand is usually for a mini
mum of 8 FN. Poor yields make the production of
metal with more than 10 FN uneconomical and
thus limit its availability. A lack of demand limits
production and, therefore, the availability of
green rod with less than 8 FN. Consequently,
most solid-wire compositions are designed to
achieve approximately 8 to 10 FN. Solid wires
with compositions that are much beyond this
range (as in austenitic grades that generally con
tain some ferrite) usually require special-order
heat quantities (of 18 Mg, or 40,000 lb), dictate
long lead times, and command premium prices.

With composite filler metals, the manufacturer
can adjust both composition and ferrite content
via alloying in either the electrode coating of
SMAW electrodes or the core of flux-cored and
metal-cored wires. Tailoring composition and
ferrite for special applications is much more eas
ily accomplished than it is for solid wires. For
most off-the-shelf composite filler metals, the
filler metal manufacturer has a target all-weld
metal FN in mind when designing the filler met
al. For a given alloy type, such as 308L,the target
FN is likely to depend on the economics of filler
metal design, the appropriate FN for the specific
type of filler metal to avoid hot cracking, and
market requirements.

If a fully austenitic stainless steel as-welded
deposit, or one with almost no ferrite, is neces-
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sary, and solidification as primary austenite or
fully austenitic solidification is expected, then the
choices of both filler metals and procedures are
more restricted. When designing filler metals
with low or no ferrite, the producer tries to obtain
raw materials with minimal sulfur and phospho
rus contents. Generally, high-silicon composi
tions are avoided because of their hot-cracking
tendencies. Concave beads and high heat input
are best avoided in procedure development. As a
result, little or no filler metals are even offered
commercially as EXXX-17 SMAW electrodes
without ferrite. Submerged arc joining with fully
austenitic filler metals is usually avoided because
of cracking problems, although submerged arc
cladding is more successful. The GMAW process
is often restricted to a short-circuiting transfer
mode.

A general rule to follow in procedure develop
ment for fully austenitic weld metals, in order to
avoid or minimize cracking problems, is to "weld
ugly." In particular, this means that if cracking is
encountered, then welding procedures that pro
duce markedly convex beads can overcome it.
For compositions that are very crack sensitive, it
may be necessary to make individual weld beads
that are so convex that part of the weld bead must
be ground away before the next bead is depos
ited. For the most crack-sensitive steels, such as

type 320, crack-free welding with matching filler
metal may be possible only with either small-di
ameter (1.6to 2.4 mm, or 0.06to 0.10 in.) E320-15
electrodes that are welded on the low side of the
recommended current range or small-diameter
(:0=;0.9 mm, or 0.04 in.) GMAW wire in the short
circuiting transfer mode.

Niobium, phosphorus, and sulfur in such al
loys generally tend to make hot-cracking prob
lems more severe. As a result, for type 320 stain
less steel, both SMAW electrodes (E320LR-15)
and GMAW wires (ER320LR) are available with
reduced residual elements, as well as low carbon,
so that niobium can be minimized without loss of
the stabilization of carbides.

Additional welding procedure approaches to
eliminating hot cracking with weld metals that
solidify either fully austenitic or as primary
austenite include those that reduce heat buildup
in the steel. Low welding heat input and low
preheat and interpass temperatures are all bene
ficial.

Weld puddle shape has a strong influence on
hot-cracking tendencies. Narrow, deep puddles
crack more readily than wide, shallow puddles.
In particular, it is helpful to adjust welding con
ditions to obtain a weld pool that is elliptical in
surface shape and to avoid teardrop-shape weld
pools, the sharp tail of which tends to promote
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hot cracking. Low current and slow travel speed
favor an elliptical pool shape. Copper chill blocks
also can help to extract heat and speed cooling.

With fully austenitic or primary austenite so
lidification, it is essential to backfill weld craters
to avoid crater cracks, which are a form of local
ized hot cracking. This means stopping the travel
of the arc while continuing to add filler metal
(with a down-sloping current, if possible) before
breaking the arc, so that the crater becomes con
vex, rather than concave.

The usual choice for a filler metal composition
for austenitic stainless steel matches or nearly
matches that of the base metal. However, one
situation generally requires an exception. This
situation occurs when a high-molybdenum base
metal is chosen for pitting or crevice corrosion
resistance in a chloride-containing aqueous solu
tion. Although the high molybdenum content of
the weld metal provides resistance to localized
corrosion, it invariably has segregation of molyb
denum on a microscopic scale. The center of each
dendrite is leaner in molybdenum than are the
interdendritic spaces. The center of a dendrite
then becomes a preferential site for localized cor
rosion.

It has been found that this preferential local
ized corrosion in the weld metal can be overcome
by using a filler metal that is higher in molybde
num than is the base metal. Thus, a 3% Mo base
metal (such as type 317L)requires a filler metal of
at least 4%Mo. A 4%Mo base metal (such as type
904L)requires a filler metal of at least 6% Mo. A
6%Mo base metal requires a filler metal of at least
8% Mo. However, stainless steel weld metal that
contains more than 5% Mo often has poor me
chanical properties. Therefore, a nickel-base alloy
of at least 8%Mo is usually chosen for filler metal
when joining stainless steel with molybdenum
contents of 4% and higher. The most common
filler metals selected are the ENiCrMo-3 or ERNi
CrMo-lO bare-wire classifications in the
ANSI!AWS A5.14 specification.

Fracture Toughness of Welds*
Austenitic stainless steel welds typically con

tain a &-ferrite phase to control the weld solidifi
cation behavior and inhibit the formation of low
melting-point compounds, such as sulfides and
phosphides, that promote microfissuring. Be
cause the ferrite phase is brittle at low tempera
tures, stainless steel welds exhibit a ductile-brittle

"Adapted from the article "Fracture Toughness of Austenitic Stainless Steels and Their Welds" by William Mills in
ASMHandbook, Volume 19, Fatigue andFracture, 1996,p 733-755
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uted to the variability associated with a manual
welding process. For design purposes, it is rea
sonable to assume that the lower-bound tough
ness for SMA weld s is comparable to that for SA
welds. Cryogenic results (Ref 20-22) reveal that
FCA welds can exhibit lower toughness valu es
than SA welds.

Elevated-Temperature Fractu re Toughness.
The same ord ering of fracture toughn ess levels
for the various weld processes is observed at
elevated temperatures, as shown in Fig. 16. At
427 to 538°C, GTA welds consistently posses s the
highest [c values (266 to 373 kJ/m2

), SMA welds
have intermediate toughness values (89 to 190
kJ/m2

), and bo th SA weld s tested in this regime
have a Ie of 76 kJ/ m2

• The sparse elevated-tem
peratu re data base preclud es meanin gful statisti
cal analysis for SA and SMA we lds, so a simple
lower-bound approach mu st be used to establish
minimum expected toughness values. The lowest
observed Ieand dIldavalues at high tempe ratures
are 55 kJ/m2 and 62 MPa, which are about 15%
less than the lower-bound valu es for SA weld s at
room temperature.

The fracture resistance of electron-beam (EB)
welds is high. The exceptionally high toughness
for GTA and EB weld s precludes rapid fracture
concerns in most engineering structures. Al
thou gh [c values for SMA and SA welds can be
low, their relatively high tearing resistance indi
cates that unstable fractur e is unl ikely except af-
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f" 17 SEM fractograph of type 16-8-2 submerged arc we ld
Ig. w here the majority of dimples we re nucleated by

spherical inclus ions rich in silicon and manganese. Source : Ref 19

transition temp erature phenomenon, as shown
in Fig. 14 for type 308 welds. At ambient and
elevated temp eratures, the ferrite pha se behaves
in a ductile manner, so U1e welds are resistant to
fracture.

Ambient Temperature Fracture Toughness.
Figure 15 summarizes theIcfracture toughness of
type s 304/308, 316/ 16-8-2,and 330 welds at 20 to
125 °C. Five weld ing processes are represented,
including gas-tungsten arc (GTA), shielded-met
al arc (SMA), submerged arc (SA), gas-metal arc
(GMA), and flux-cored arc (FCA) processes. The
fracture toughness is seen to be dep endent on
weld process, but not composition .This is consis
tent with findings that type 308 and 16-8-2 welds
fabricated using the same welding process and
welding parameters yield identical Ie and dIlda
values, demonstratin g that toughness is inde
pendent of filler material (Ref 19).

Figure 15 shows that GTA welds consistently
exhibit the highest [c values, while SAwelds yield
the low est. The mean [c value for GTA welds is
about 25% lower than that for types 304 and 316,
rep resent ed by the broken line on Fig. 15. The
mean Ieand dIlda values for SA weld s are about
three times lower than their GTA counterpart.

The SMA and FCA welds tested at room tem
perature have low to intermediate toughn ess val
ues. Cryogenic (Ref 20) and high-temp erature
(Ref 19) data show that the SMA weld proc ess
results in tremendous vari ability, covering the
full range of toughness values exhibited by SA
and GTA welds . The excessive scatter is attrib-
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Fig. 19 Effect of crack orientationon the fracturetoughnessof
base metal and welds. GMA, gas-metalarc welded; L,

longitudinal (primary workingdirection); T, transverse; C, circum
ferential; S, short transverse. Forthe GMA welds, the weldingdi
rectionisparalleltoT-L orientedcracks.
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ated by the spherical inclusions. Relatively little
plastic deformation is required to initiate micro
voids in SA welds, which accounts for their infe
rior fracture toughness. The modest inclusion
density in SMA welds produces intermediate
toughness values.

The superior toughness displayed by EB welds
is associated with the absence of coarse inclu
sions and a refined microstructure produced by
rapid cooling rates.

Fracture Toughness of Welding-Induced
Heat-Affected Zones. Welding of types 304 and
316produces heat-affected zones where the grain
boundaries are often decorated with ferrite or
chromium-rich M23C6 carbides. Immediately ad
jacent to the fusion zone, a thin ferrite layer some
times forms along austenite grain boundaries
and extends one to two grain diameters into the
heat-affected zone. The ferrite is beneficial be
cause it restricts grain growth and prevents
liquation cracking by limiting impurity element
diffusion and inhibiting wetting of liquid films.
Because the intergranular ferrite is ductile at am
bient and elevated temperatures, it does not have
an adverse effect on fracture resistance. Welding
induced precipitation of M23C6 carbides occurs
up to 3 mm from the fusion boundary, depend
ing on the carbon content of the base metal, weld
travel speed, and heat input (Ref23). While chro
mium depletion adjacent to the carbides creates a
sensitized structure that is susceptible to corro
sion and stress-corrosion cracking, the overall
fracture resistance remains high because the in-

316L Plate 20 °C liiii~iriiiiiiii1304 Plate 20°C
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ter significant plastic deformation. Conse
quently, standard stress and strain design limits
generally provide adequate protection against
failure, and sophisticated elastic-plastic fracture
mechanics assessments are not routinely needed.

Fracture-Mechanisms in Welds. Austenitic
stainless steel welds fail exclusively by a dimple
rupture mechanism, where the microvoids nucle
ate at inclusions and &-ferriteparticles. Thus, the
overall fracture resistance is controlled by the
density and morphology of second-phase inclu
sions. Type 304/308 and 316/16-8-2 welds have
a duplex austenite-ferrite structure with about 4
to 12% &-ferrite. Because a-ferrite is ductile at
ambient and elevated temperatures, its volume
fracture and morphology do not control the frac
ture response. Fracture properties are controlled
by the density of inclusions rich in manganese
and silicon and believed to be manganese
silicides and silicates. SA welds have a high den
sity of coarse inclusions. SMA welds contain a
modest amount of coarse inclusions, while GMA
and GTA welds have a much lower inclusion
density. High silicon contents are generic to the
SA weld processes due to silicon pickup from the
flux. InSA and SMA welds, the deoxidation proc
ess produces oxides rich in manganese and sili
con that are sometimes trapped in the molten
pool during solidification, thereby accounting for
the high density of inclusions. The low density of
coarse inclusions in GTA and GMA welds arises
from the inert shielding gas protecting the molten
pool from oxygen and the lack of a flux. GTA
welds tend to have a few small particles, but they
resist fracture and do not adversely affect prop
erties (Ref 19).

The fracture surface morphology for GTA
welds involves a microvoid coalescence mecha
nism. Microvoids are nucleated by localized fail
ure or decohesion of the ferrite phase and small
precipitates, but only after extensive deformation
of both the ferrite and austenite matrix. The abil
ity of the ferrite phase to accommodate plastic
deformation and resist fracture accounts for the
exceptional fracture toughness displayed by
GTA welds. Although ferrite content and mor
phology have little effect on fracture properties at
ambient and high temperatures, significant duc
tility loss can occur at cryogenic temperatures or
after long-term thermal aging. Under these con
ditions, the ferrite can degrade the fracture resis
tance of the weld, as discussed later.

The coarse inclusions in SA and SMA welds
cannot accommodate plastic deformation, so
high secondary stresses develop at the particle
matrix interface. The high stresses cause inclu
sions to decohere from the matrix at low plastic
strains, and the resulting microvoids serve as
effective dimple nucleation sites. Figure 17 shows
that most of the dimples in SA welds are nucle-
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structures with inclusion stringers aligned in the
primary working direction. Because these inclu
sions fail and nucleate microvoids early in the
plastic straining process, they degrade fracture
toughness when aligned in the crack propagation
direction. In some heats, &-ferrite stringers are
aligned in the primary working direction, but
this phase is ductile, so it has no adverse effect on
toughness. This is supported by the exceptional
fracture resistance observed in heats with &-fer
rite stringers, even when the crack is parallel to
the stringers (Ref25).

The effect of crack orientation on Ie for types
304 and 316 and their welds is shown in Fig. 19.
Crack orientation is defined in accordance with
the ASTME 616two-letter code (L = longitudinal
[i.e., primary working direction], T =transverse,
S = short transverse, R = radial, and C = circum
ferential). The first letter designates the direction
normal to the crack plane and the second is the
expected crack propagation direction.

Figure 19 shows that the toughness of the type
304plate in the T-L orientation is 40%lower than
the L-T toughness, while the two type 316Lplates
show little or no difference in toughness in the
L-T and T-L orientations. The small difference in
Ie for the L-T and T-L orientations in some plates
arises because plates are often cross-rolled to
minimize inclusion alignment in anyone particu
lar direction. Nevertheless, inclusions in cross
rolled plates are smeared out normal to the short
transverse direction, which accounts for the
significant reduction in toughness for the 8-L ori
entation. The low toughness in this orientation is
generally not a concern, because most compo
nents are not subjected to significant stresses in
the through-thickness direction.

Figure 19 also shows that the fracture tough
ness of welds is independent of crack orientation:
cracks parallel and normal to the welding direc
tion yield equivalent Ie values. Second-phase par
ticles in the weld fusion zone are not preferen
tially aligned, which accounts for the lack of an
orientation effect.

Effect of Thermal Aging on Weld Toughness.
Austenitic stainless steels are commonly used in
high-temperature applications where aging-in
duced microstructural changes degrade fracture
resistance. High-temperature aging of base mate
rials results in the formation of carbides and in
termetallics, including sigma [FeCr, FeMo,
Fe(CrMo)], chi (Fe18Cr6Mos) and Laves (Fe2Mo)
phases. Between 500 and 650°C, chromium-rich
M23C6 precipitation is dominant occurring suc
cessively at grain boundaries, twin boundaries,
and finally intragranularly. At higher tempera
tures, M23C6 carbides and a-phase form in both
types 304 and 316,while molybdenum additions
in the latter also result in Laves and Xprecipita
tion.
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tergranular precipitates have little effect on frac
ture properties (Ref24).In Fig. 18,fracture tough
ness values for type 304 and 316 heat-affected
zones are compared with their weld and base
metal counterparts. The heat-affected zone
toughness is superior to the weld toughness and
generally commensurate with that of the base
metal. This behavior is observed for welds made
with very different heat inputs, including GTA,
SMA, and SA welds. In cases where [« for the
heat-affected zone is reduced relative to the base
metal, values of dl/da remain exceptionally high,
ranging from 135 to 427 MPa. Thus, the limiting
toughness for welded joints is typically control
led by the weld fusion zone, not the heat-affected
zone.

Effect of Crack Orientation on Base Metal and
Weld Toughness. Thermomechanical processing
of stainless steels can produce anisotropic micro-

Fig. 20 Effectof agingon thefracturetoughness of welds.SMA,
shielded-metal arc; GTA, gas-tungsten arc. Range of

aging temperatures: (al 550 to 566°C. (bl 475 to 482°C. (c)400 to
450°C
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The l)-ferrite phase in duplex austenitic-ferritic
welds is unstable at elevated temperatures.
Long-term aging above 500°C causes the ferrite
to transform into austenite, a-phase, and M23C6
carbides that precipitate along the ferrite
austenite interface. At lower temperatures, 885 OF
(474°C) embrittlement, which is common to fer
ritic steels with high chromium, is operative in
the &-ferritebecause its composition is similar to
that of a ferritic steel. This mechanism, also
known as a' embrittlement, results from the spi
nodal decomposition of &-ferrite into low-chro
mium (a) and high-chromium (ex') regions. In
addition, low-temperature aging produces a
nickel- and titanium-rich silicide (G phase:
Ti6Nh6Si7) in the ferrite, some carbide precipita
tion along the ferrite-austenite interface, and lim
ited M6C in the matrix.

Figure 20 shows considerable variability in the
degree of degradation produced by long-term
thermal aging of welds. The greatest toughness
loss occurs in the higher-toughness welds. For
example, exposing the low-toughness type 316
SMA weld to 550°C for 50,000 h is seen to have
only a modest effect on toughness, as l« is re
duced from 90 to 70 kJ/ m2 (Ref 26). Aging at 566
°C for 10,000h causes a 14%reduction in Ie for the
type 308 SMA weld with intermediate toughness
(as-welded toughness [c of 144 kJ/m2) and 21%
reduction in Ie for the type 16-8-2 GTA weld with
high toughness (as-welded Tc of 311 kJ/m2)

(Ref 27). The fracture-resistant type 308 GTA
weld (as-welded [«of 770 kJ/m2) shows a 60%
decrease in toughness after aging at 550°C for
5000 h (Ref 28). It is noteworthy that most of
the toughness loss occurs within the first 1000
h of aging at 550°C.

Although long-term thermal exposure de
grades the toughness of welds, the high post-ag
ing [« values indicate that sufficient toughness is
retained to preclude nonductile fracture. Ductile
tearing of aged materials occurs only after sub
stantial plastic deformation, so fracture control of
aged stainless steels is typically not a critical en
gineering issue.

DuplexStainless Steels

Duplex stainless steel weldability is generally
good, although the duplex steels are not as for
giving as austenitic stainless steels or as prone to
degradation of properties as fully ferritic stain
less steels. The current commercial grades are
low in carbon (less than 0.03wt%), thereby essen
tially eliminating the risk of sensitization and
intergranular corrosion from carbide precipita
tion. The base material and filler metals also have
low sulfur and phosphorus levels (less than 0.03
wt%), which in combination with the ferritic so
lidification reduce the likelihood of solidification
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cracking (hot cracking). Hydrogen cracking (cold
cracking) resistance is also good due to the high
hydrogen solubility in the austenite and the high
percentage of austenite in the matrix. Neverthe
less, solidification cracking and hydrogen crack
ing can occur in duplex alloys, and some precau
tions are necessary.

Preheat is generally not recommended for du
plex stainless steels, but it may sometimes be
specified in low-nitrogen grades, because thick
sections and low-heat-input welding processes
may, in combination, develop highly ferritic
HAZs. For the more highly alloyed duplex stain
less steels, a preheat can be highly detrimental
and reduce corrosion resistance and mechanical
properties.

Postweld heat treatment is not commonly
used except in autogenous welds or welds with a
filler metal composition that exactly matches that
of the base steel. Although not always necessary,
particularly if a nickel-enriched filler metal is
used, it is common to subject duplex stainless
steel welded pipe to PWHT after longitudinal
seam welding-largely for the purpose of restor
ing the correct phase balance and redissolving
unwanted precipitates. Postweld heat treatment
temperatures of about 1050 to 1100 °C (1920 to
2010 OF) are used, depending on grade, followed
by the same heat treatment applied to the base
material during solution annealing-usually
water quenching. The heat treatments commonly
used for structural steels (for example, 550 to 600
"C, or 1020 to 1110 "P) are totally inappropriate
for duplex alloys and should never be consid
ered.

Interpass Temperature Control. The need for
interpass temperature control depends on alloy
grade and composition. The more highly alloyed
grades should have tighter interpass control. For
the Fe-22Cr-5.5Ni-3Mo-0.15N steels, interpass
temperatures of 150 to 200°C (300 to 390 OF) are
typical, whereas for the Fe-25Cr-7Ni-3.5Mo
0.25N-(Cu-W) steels, temperatures as low as 70
°C (160 OF) have been recommended (Ref 29).

Welding practices employed for austenitic
stainless steels (for example, cleanliness, use of a
backing gas, avoidance of contamination with
carbon steel, and so on) should also be adopted
for duplex stainless steels. The backing gas most
commonly used is pure argon. However, the use
of a backing gas without nitrogen can lead to
nitrogen loss from the molten weld nugget, with
probable loss in corrosion performance and
toughness. Because of this, argon/nitrogen
mixed gases for shielding and backing have been
explored, and generally the corrosion resistance
of welds produced with these gases has been
superior to that of welds made with nitrogen-free
gases. Pure nitrogen may also be used as a back
ing gas, but a concern exists that too much nitro-
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stainless steels tested in 3% NaCI and 0.1% NaClsolutions, respectively, both at an anodic potential of+300 mY. Source: Ref34

gen may be picked up, thereby significantly af
fecting the phase balance locally by promoting
the formation of austenite.

Open root gaps are commonly used in manual
duplex stainless steel welding to limit the extent
of dilution from the base material, because exten
sive base metal dilution will negate the effect of
the nickel overalloying in the filler metal. To con
trol the problems of too little austenite and inter
metallic phase formation, associated with too
low and too-high heat inputs, respectively,
duplex stainless steel welding procedures typi
cally specify a "window" of allowable heat in
puts. For the highly alloyed and heat-sensitive
super duplex stainless steels, stringer beads are
commonly specified, particularly in the hot pass
(that is, the weld pass immediately following the
root) and in some cases in split hot passes (that is,
two hot passes side by side). The technique of
using a low-heat-input hot pass has led to the use
of the term"cold" pass (Ref29).

Weld procedure qualification generally follows
the mechanical property test requirements of a
major code, for example, ASMESection IXor API
1104. There are also several tests (specifically
phase balance assessment, microstructural ex
amination, and a pitting corrosion test) used for
duplex stainless steel weldment evaluation that
are not typically employed for other stainless
steels.

Phase Balance Assessment. The phase balance
test measures the amount of austenite and ferrite
present in the microstructure and is similar to
tests used to measure ferrite in austenite and
weld metals. However, the testing requirements
are usually more exhaustive for duplex alloys
and typically call for assessment of the ferrite
content in the HAZ and weld metal and possibly
at several through-thickness locations (Ref30).

The amount of ferrite in a duplex structure can
be specified and measured in two ways. Percent-

age ferrite is measured by manual point counting
or image analysis. These methods measure the
area fraction of ferrite and austenite exposed on
the surface of a sample under examination. The
values are reported as a volume fraction, thereby
linking the surface area measurement on one
plane to the overall volume fraction in the sam
ple. Percentage ferrite requirements are typically
35 to 65% and are applied to weld metal and the
HAZ.

The alternative method uses the ferromagnetic
properties of the ferrite to measure its proportion
in the matrix. The FN system used for austenitic
stainless steel weld metals (where the ferrite con
tent is measured by attraction of a spring-loaded
magnet) was not originally developed for high
ferrite levels, such as those in duplex alloys, and
was only calibrated to about 28 FN. Furthermore,
the variations in iron content between the various
duplex grades affected the magnetic attraction
for a given phase balance. Because no reliable
magnetic attraction system had been fully devel
oped and proven at the time duplex alloys were
seeing widespread industrial application, most
specifications required ferrite percentage meas
urements.

However, changes to the FN measuring system
have now been made so that all ferrite levels in
duplex alloys can be recorded, and the system
has proved more reliable. To achieve the ex
tended range, counterweights are added to the
spring-loaded magnet (Ref 31). Specification re
quirements for weld metals are typically 50 to 90
FN. A rule-of-thumb conversion from FN to per
centage is:

0.70(FN)= % ferrite

Measurement of ferrite content in duplex stainless
steels, however, is seldom currently performed
with a magnetic measuring technique and is more
commonly referred to in terms of percentage.



Properties of Stainless Steel Welds / 279

9 80
o Basemetal

f .Welded joint
2- 60
!
:I

ii!
Ql

40c.
E
~
Clc:
:~ 20c.

~
'1: •0 0

20 25 30 35

176
\l-
i='
Q.

140 2-
l!!..... ::>.... ~....

104
Ql
c.
Es
Cl
c:

68 :~
c.

~
'1:

32 0

40 45

PREIS + P) • %Cr + 3.3 (%Mo) + 30(%N) -123[%(8 + P))

Fig. 22 Pittingcorrosion resistance of basemetal relative to weld metalplaced in 6 wt% FeCI]solution for 24 h per ASTMG 48 (method
A). Source:Ref35

There are also some limitations to the applica
tion of the FN measuring system in certain re
gions of the weld. The measurement tool applies
well to large areas of finely dispersed ferrite, such
as in the weld metal, but it cannot accurately
measure small areas that may have locally high
ferrite levels (for example, the weld HAZ). It also
may provide inaccurate readings inbase material
measurements due to the effect of magnet deflec
tion toward the relatively coarse base material
ferritic matrix.

Filler Metal Requirements. For most duplex
stainless steel grades there are two types of filler
metals:

Filler metals with matching compositions
Filler metals that are slightly overalloyed,
principally with respect to nickel

The matching filler metal is used where a PWHT is
performed, whereas welds made with filler metal
enriched with nickel are used in the as-welded
condition. The weld metal microstructure from a
composition exactly matching that of the parent
steel will contain a high ferrite content. The in
crease in nickel is made to improve the as-welded
phase balance and increase austenite content. The
ferrite content of a weld made with a nickel-en
riched consumable would decrease significantly if
subjected to PWHT. It may suffer from slightly
reduced weld metal strength and could also be
more susceptible to a-phase formation during heat
treatment.

The nickel level in the enriched weld metal will
be approximately 2.5 to 3.5% greater than in the
base material (for example, for the Fe-22Cr-5.5Ni
3Mo-0.15N duplex stainless steel base material
containing 5.5% Ni, the filler metal will comprise
8.0 to 9.0% Ni, depending on consumable manu
facturer and form). The higher-alloy filler metals
are sometimes used for welding a less alloyed
base material (for example, a duplex stainless

steel filler metal with 25% Cr could be used for
the root run in an Fe-22Cr-5.5Ni-3Mo-0.15N base
metal). This is usually done to improve root weld
metal corrosion resistance and thereby pass the
qualification test requirements. In most cases,
this does not lead to loss of mechanical proper
ties; indeed, the more highly alloyed filler metal
in the case above is likely to have greater
strength.

To avoid all the requirements for weld metal
phase balance and microstructural control neces
sary with duplex filler metals, nickel-base consu
mables (for example, AWS A5.14 ERNi-CrMo-3)
have been used. The yield strengths, however,
are slightly below those of the more highly al
loyed grades, and the lack of nitrogen and the
presence of niobium in the filler metal may con
tribute to unfavorable metallurgical reactions
and the formation of intermetallic precipitates
and areas of high ferrite content in the HAZ.

Cracking Behavior. Duplex stainless steels can
suffer from weld metal hydrogen cracking and
solidification cracking, but HAZ cracking has not
been reported in practice and is considered
highly unlikely to develop. Hydrogen cracking
from welding and in-service hydrogen pickup
has been observed. The duplex microstructure
provides a combination of a ferritic matrix, where
hydrogen diffusion can be fairly rapid, with in
tergranular and intragranular austenite, where
the hydrogen diffusion is significantly slower,
thereby acting as a barrier to hydrogen diffusion.
The net effect appears to be that hydrogen can be
"trapped" within ferrite grains by the surround
ing austenite, particularly where it decorates the
prior-ferrite grain boundaries. Due to these char
acteristics, low-temperature hydrogen-release
treatments are not effective, and the hydrogen is
likely to remain in the structure for a long period.
Whether cracking actually develops will depend
on a number of factors, including the total
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amount of trapped hydrogen, the applied strain,
and the amount of ferrite and austenite in the
structure.

The problem of weld metal hydrogen cracking
in practice must not be overstated. The reported
incidences of hydrogen cracking in duplex stain
less steels have been restricted to cases in which
the alloy was heavily cold worked or weld metals
experienced high levels of restraint or possessed
very high ferrite contents in combination with
very high hydrogen levels, as a result of poor
control of covered electrodes or the use of hydro
gen-containing shielding gas. However, there is
no doubt an effect of hydrogen on the ductility of
duplex stainless steels, and to avoid fabrication
related cracking problems, high-hydrogen-po
tential welding processes, such as SMAW,
should be controlled by careful storage and use
of electrodes, and by ensuring that the weld met
al phase balance is within acceptable limits.

Solidification cracking in duplex stainless
steels has not been reported as a commercial
problem, but it has been witnessed in laboratory
made high-heat-input submerged arc welds.
Cracking occurs at the solidification grain
boundaries and has the appearance of running

through the austenite phase. This is due to the
subsequent solid-state transformation that oc
curs, in which the austenite forms predominantly
on the prior-ferrite grain boundaries. The solidi
fication cracking susceptibility is not great, how
ever, and weldability cracking tests have shown
that the performance of duplex stainless steels is
similar to that of austenitic stainless materials
with approximately 3 to 5 FN (Ref32).Resistance
to HAZ liquation cracking is also reportedly
similar to type 304 stainless steel (Ref 33) and
unlikely to develop in practical welding situ
ations.

Pitting corrosion resistance can be affected by
many features of the welding operation, includ
ing:

Localized segregation of alloying elements to
the different constituent phases in the micro
structure, producing areas lean in molybde
num and chromium
Incorrect ferrite/austenite phase balance
Formation of nitrides or intermetallic phases
Loss of nitrogen from the root pass
Presence of an oxidized surface on the under
side of the root bead



The extent to which the reduction occurs depends
on which of these factors are active and to what
degree. Partitioning of alloying elements between
the austenite and ferrite occurs in the weld metal,
with chromium, molybdenum, and silicon parti
tioning to the ferrite, and carbon, nickel,and nitro
gen to the austenite. The effectisnot so apparent in
as-deposited weld metals, but it becomes more
significant as a result of reheating a previously
deposited weld pass. The effectis also exacerbated
by higher welding heat inputs.

Weld metal and HAZ microstructures with very
high ferrite contents are also lessresistant to pitting
attack than are balanced structures. This is largely
because predominantly ferritic structures are more
prone to chromium nitride precipitation, which lo
cally denudes the chromium concentration and
lowers resistance to pitting attack.

Nitrogen loss in the root pass may reduce weld
metal corrosion resistance. Cleanliness of the
root-side purge gas may also affect pitting resis
tance. Figure 21 shows the effect of reducing oxy
gen content in an otherwise pure argon purge gas
and its beneficial effect on pitting resistance. Also
shown is the apparent benefit of using a reducing
gas (NEw), which would significantly reduce the
tendency for oxide formation and leave the un
derbead appearance very shiny (Ref34).

The net effect on pitting corrosion resistance
may be observed by applying the ASTM G 48
pitting corrosion test to welds and base material
with the same pittingresistance equivalent value,
then assessing the reduction in critical pitting
temperature (that is, the temperature at which
pitting in the ferric chloride solution is first ob
served). The difference is approximately 20°C
(35OF), as reported inFig. 22, thereby quantifying
the effect of reduced weld metal properties. Fig
ure 22 also shows that the use of a super duplex
stainless steel filler metal with a PRE value of
about 40 on a Fe-22Cr-5.5Ni-3Mo-O.15N parent
steel (which typically has a PRE value of about 33
to 35) will improve the weld metal pitting corro
sion resistance, as assessed by the ASTM G 48
test, to approximately match that of the base ma
terial.

Resistance to chloride see does not appear to
be affected significantly by welding per se. Nev
ertheless, welds are likely regions of attack for
chloride SCC due to the presence of high stresses
and the structural inhomogeneity present at the
weld. If localized pitting is a necessary precursor
for chloride SCC, the effects described above will
also ultimately affect chloride SCC resistance.

There are three main causes of poor weld metal
toughness:

Very high ferrite content
Presence of intermetallic phases or nitrides
High weld metal oxygen concentration
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Predominantly ferritic microstructures with a
coarse grain size, as may be developed in a weld
HAZ, have poor low-temperature notch tough
ness. Their performance is similar to that of ferritic
stainless steels, and they may undergo low-energy
cleavage fracture. The Fe-25Cr-5Ni-2.5Mo-O.17N
Cu and super duplex stainless steels are more sus
ceptible to embrittlement through intermetallic
phase precipitation, due to their increased kinetics
of formation, and heat input and interpass tem
perature control are advised. Welding processes
that produce high weld metal oxygen contents also
produce welds with lower toughness, mainly due
to the size and distribution of nonmetallic inclu
sions. Gas-shielded processes have the least oxy
gen potential and generally exhibit superior
Charpy toughness properties (Fig.23).
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Chapter 15

Properties of
Aluminum-Alloy weta«

THE WELDABILITY of aluminum alloys is in
fluenced by the following physical properties in
herent to all aluminum alloys:

Oxide formation at the surface
High thermal conductivity
High coefficientof thermal expansion, solidi
fication shrinkage almost twice that of ferrous
alloys
Relatively wide solidification-temperature
ranges
High solubility of hydrogen when in the mol
ten state

The first two items may be addressed by weld
pretreatment and processing conditions-proper
weld pretreating to minimize the oxide and weld
ing at high currents and high travel speeds to en
sure that adequate penetration is utilized. How
ever, the remaining characteristics, if not carefully
considered, may result in the production of welds
of unacceptable quality. The high coefficient of
thermal expansion and solidification shrinkage,
combined with the relatively wide solidification
temperature range, makes these alloys susceptible
to weld cracking.

The high solubility of hydrogen in molten alu
minum also can result in gas porosity unless
proper precautions are heeded. In addition, the
degree of degradation of the HAZ for these alloys
may differ markedly, depending upon weld

processing conditions. An understanding of
these aspects yields welds in aluminum alloys
having excellent joint properties.

The weldability of aluminum alloys is deter
mined primarily by their hot tearing susceptibil
ity. Hot tearing, which is an interdendritic
liquation cracking phenomena, depends primar
ily upon the composition of the alloy and the
associated stress state induced by the welding
process. The major factors which contribute to
the hot tearing susceptibilityare the coarseness of
the solidification structure, the type and amount
of the alloy additions, and the geometry of the
welded joint.

The most common solution to the weldability
problem has been to avoid the use of certain
alloys and welding consumables in weld fabrica
tion. Major improvements in the weldability of
aluminum alloys also have been achieved
through refinement of the weld metal grain size
(Ref 1). The refinement methods utilized have
included:

The use ofgrain refining additions to promote
heterogeneous nucleation
The stirring of the weld metal to promote
dendrite fragmentation and thus new growth
sites
The modification of the heat input to promote
banding and other disrupted solidificationbe
havior

*Adapted from the article"Aluminum Weldability and Hot Tearing Theory" by C.E. Cross, W.T. Tack, L.W. Loechel,
and L.S. Kramer inWeldabilityofMnterials (ASMInternational, 1990,p 275-280) and"Welding" inASM SpecialtyHand
book, Aluminum andAluminumAlloys(ASM International, 1993, p 376-415)



284/ Weld Integrity and Performance

Weight % Solute

Back-Filling of Hot
Tears Due to Large
Quantity of Eutectic

-..

Peak Susceptibility
to Hot Tearing

High Strength
Due to Thin
liqUid Films

...--

(b) AI-Si

Fig. 1 Schematic of dendritic arrays (circles) and interdendritic
eutectic (interstices) depicting the difference between (a)

AI-4%Mg alloy with 2% eutectic and (b) AI-4%Si alloy with 28%
eutectic, assuming constant dendrite spacing. Percent eutectic
was calculated using the Scheil Equation.

Hot Tears

Hot tears originate at the trailing edge of the
weld pool when solidification shrinkage and
thermal stresses become sufficient to tear liquid
films present at grain boundaries. They are most
often observed as centerline or crater cracks at the
weld crown or root. The weldability of any given
aluminum alloy, as defined by its resistance to
hot tearing, is influenced by a combination of
factors including mechanical, thermal and metal
lurgical.

Mechanical factors are those factors which in
fluence stresses around the weld pool such as
joint geometry or weld fixture constraint. Ther
mal factors, e.g., heat input and heat sinking,
determine the temperature profile and thermal
gradients around the weld pool which, in turn,
influence solidification and shrinkage stresses.
Metallurgical factors can be related to alloy com
position and, when coupled with thermal factors,
control both solidification range and grain refine
ment.

Welding of different aluminum alloys, holding
mechanical and thermal factors nearly constant,
usually results in a significant variation in hot
tearing susceptibility which can be attributed to
composition alone. This has lead to the ranking of
aluminum alloys as to their relative weldability.
Several weldability tests have been developed to
rank weldability, each one having inherent ad
vantages and limitations. In most cases, theweld
ing strain is augmented in some manner to help
promote tearing. The degree of tearing is sub
sequently quantified by measuring total accumu
lative crack length (TeL).

Weld Solidification. Understanding the dy
namic response of liquid films to an applied
strain is key to understanding hot tearing. Since
these films form as a result of solidification, the

Fig. 2 Schematic showing peak hot tearing susceptibility be
haviorof aluminum alloys as observed when conducting

weldability or castability tests

mechanics of solidification must be examined
first. Aluminum alloy weld metal solidifies in the
form of columnar grains, each having a substruc
ture consisting of cellular dendrites together with
an interdendritic eutectic. During solidification,
aluminum dendrites protrude into the weld pool
forming a two-phase (liquid plus solid) region. It
is within this region that hot tearing occurs.

As alloying elements are partitioned between
dendrites, the solute content of the interdendritic
liquid is enriched to the point where a eutectic
reaction takes place. Utilizing partition coeffi
cients, the Scheil Equation can be used to ap
proximate the quantity of eutectic generated in
aluminum-alloy weld metal. Examining the two
extremes of aluminum-alloy systems, Al-Mg al
loys generate small quantities of eutectic,
whereas Al-Si alloys generate relatively large
quantities of eutectic. This relates directly to the
openness of the dendritic structure as well as
liquid film thickness (see Fig. 1). Tears are pre
dominantly intergranular, following the bounda
ries between packets of aligned dendrites. These
boundaries provide for accommodation between
non-aligned dendrite packets (grains) and, ac
cordingly, have greater amounts of eutectic pres
ent.

Dendritic spacing does not vary significantly
with composition (Ref 2) and can be assumed to
remain constant for a given welding heat input.
Grain size, however, can vary Significantly with
alloy composition and grain refinement is known
to have a beneficial effect on weldability (Ref 3).
Ifa critical minimum amount of strain is required
for tearing, it follows that the strain experienced
by a liquid film at any given grain boundary will
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Fig.3 Schematic showing relationship between liquid film
thickness and force required for tearing

decrease as the number of grains increase and,
thus, lower the possibility for tearing.

Additions of grain refiners (Ti,Ti and B, or Zr)
are commonly made to filler alloys as an effective
means to improve weldability. Lithium contain
ing alloys also have a tendency for fine weld
metal grain size which probably contributes to
their weldability (Ref4).

Peak Susceptibility. When the weldability of
an aluminum-alloy system is monitored in terms
of TCL while varying the concentration of a ma
jor solute element, a peak in hot tearing suscepti
bility is usually observed (Ref5,6). This behavior
can bestbe rationalized by considering what hap
pens at both solute extremes as shown in Fig. 2.
Since film strength varies inversely with film
thickness (Fig. 3), an alloy with low solute con
tent and a corresponding low volume percent
eutectic will have a high resistance to tearing.

At high solute levels, there is sufficient eutectic
liquid available for back-filling (healing) of what
ever tears may have formed. This concept is use
ful when making filler alloy selections for low
weldability alloys. AI-Si filler alloys, with their
corresponding high eutectic content, are com
monly used for this reason. High solute AI-Cu
and AI-Mg filler alloys are used for the same
reason.

Two-Phase Region. Experimental evidence in
dicates that a correlation exists between weld
ability and extent of the two-phase (liquid plus
solid) region behind the weld pool (Ref 7). The
size of this region determines the maximum
crack length (MCL) possible in any weldability
test where an instantaneous strain is applied dur
ing welding. This assumes that tears will not
extend beyond the point where liquid films
preexist, as determined by the solidus (i.e.,eutec
tic) temperature of the alloy. Even though there
does not necessarily exist a simple relationship
between MCL, TCL, and weldability, it follows
that an alloy with a large MCL will also have a
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- BOO°C AI-Lj

- - 577°C AI-Si

- r 548°C AI-Cu

- 525°C AI-Si-Cu

-I- 451°C AI-Mg•.AI-Cu-Mg

Fig.4 Temperature scale indicating melting temperatures for
severalaluminum binary and ternary eutectics

large TCL and should prove to be more suscepti
ble to tearing.

The extent of the two-phase region ('If) can be
approximated based on the weld temperature
gradient (G), the liquidus temperature (TL) and
the temperature of the lowest melting eutectic
(TE):

Most of the difference between alloys occurs in the
eutectic temperature and so the liquidus tempera
ture can be assumed constant for purposes of com
parison. Welds made with a shallow temperature
gradient (e.g., high heat input) or alloys having a
low melting eutectic (e.g.,AI-Cu-Mg)will exhibit a
large two-phase region. A comparison of eutectic
melting temperatures is given in Fig. 4.

Predictions for MCL based on the size of the
two-phase region have successfully been made
for AI-Si,AI-Cu, and Al-Li binary alloy systems,
but not for AI-Mg binary alloys (Ref 5, 7). AI-Mg
alloys should have the largest MCL according to
Fig. 4, but they do not behave accordingly at low
solute content (see Fig. 5). It is likely that this
variance from predicted behavior is related to the
low quantity of eutectic characteristic to the Al
Mg system, rendering it more resistant to tearing.
However, as the magnesium content is increased,
more eutectic is generated and the predicted
MCL is approached. For AI-Cu binary alloys, an
increase in solute content eventually reduces the
MCL, a behavior related to back-filling. It should
be noted that an abnormally high strain (4%)was
used to generate the MCL curves of Fig. 5; strains
of this magnitude are usually not encountered
under most welding conditions. In essence, the
high MCL values observed for high solute AI-Mg
alloys may be achievable only at very high aug
mented strains.
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compared in Table 1. Alloys 2024 and 7075 are
commonly considered to be unweldable, regard
less of filler wire used, and both have a relatively
large TCL. Alloys 6061, 2014, and 7005 can be
welded only if an appropriate filler wire is se
lected. Alloys 5083 and 2219 are both well estab
lished as being readily weldable and both have a
corresponding low TCL. AI-Si filler alloys (e.g.,
Alloy 4043) are often used to weld difficult alloys
(e.g., Alloys 6061 and 2014). Although good for
weldability, AI-Si filler alloys usually result in
relatively low strength and ductility.

Aluminum-Lithium Alloys, Recent develop
ments utilizing lithium additions to Al-Mg, AI
Cu, and AI-Cu-Mg alloy systems have resulted in
exceptional high-strength and low-density alloys
with good weldability. Lithium has the unique
advantage of contributing significantly to pre
cipitation strengthening without forming low
melting eutectics deleterious to welding. Lithium
may also reduce the solubility of copper in alumi
num, thereby effecting a beneficial increase in the
quantity of eutectic generated in the Al-Cu-Li
system. The compositions of several Al-Li alloys
are compared in Table 1. From a review of weld
ability test data available in the literature, Alloys
2090, 8090 and WeldaliteTM* 049 are considered
readily weldable, whereas Alloy 2091 appears

Fig 6 Invertedtee-jointfilletweld weldabilitytestdata. Shaded
• bars indicate welds made with commercial filIer alloys.

Black bars indicateweldsmadewithbase metalstrips. Source:Ref6
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Several weldability tests have been developed
to rank weldability, each one having inherent
advantages and limitations. Which test best pre
dicts the actual behavior of an alloy for a given
application can be difficult to determine because
of the sensitivity of test results to changes in
mechanical and thermal factors. The correlation
between laboratory test results and actual weld
ing performance is not well established. Thus,
some latitude mustbe allowed when interpreting
weldability data and when comparing data from
different weldability tests.

Alloy Comparisons

A small sampling of common aluminum al
loys, taken from an extensive weldability study
performed by Dudas and Collins (Ref 6), is pre
sented in Fig. 6. The data shown here was ob
tained from an inverted tee-joint fillet weld weld
ability test. Nominal' alloy compositions are

Weldability

F" 5 ComparisonofMCLdataobtained fromvarestraintweId
Ig. ability tests performedon aluminum binary alloys using

4% augmented strain. Source: Ref5

Besides calculating an upper bound for MCL
and accounting for the quantity of eutectic pres
ent, additional factors must be considered when
predicting MCL and relating this information to
weldability. To get maximum tearing, not only
must there be sufficient strain applied to tear the
entire two-phase region, the strain rate is also
important.

*WeldaliteU ' is a registered tradename of Martin Marietta Corporation.
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Fig. 7 Ring-casting castability data from Pumphrey and Moore superimposed with commercial and AI-Lialloy compositions

least weldable. Alloy 2319 can be used as a filler
to join either Alloy 2090 or Weldalite™ 049 and
Alloy 5356 can be used to join Alloy 8090, In
support of weld ability test data, a cryogenic tank
has been successfully weld-fabricated from
Weldalite™ 049 using Alloy 2319 as a filler.

The Effect of Copper-Magnesium Alloying.
Practical experience from welding commercial
alloys dictates that certain AI-Cu and AI-Mg al
loy combinations must be avoided when select
ing weld filler alloys. This, together with the eu
tectic temperature data from Fig. 4, suggests that
the low melting AI-Cu-Mg eutectic must have
over-riding control in determining weldability.
This becomes evident when comparing alloys in
Fig. 6: Alloy 2219 (AI-Cu)versus Alloys 2014 and
2024 (AI-Cu-Mg); and Alloy 7005 (AI-Mg-Zn)
versus Alloy 7075 (AI-Cu-Mg-Zn). Clearly the
alloys containing both copper and magnesium
exhibit poor weldability.

The copper and magnesium content of several
commercial and Al-Li alloys have been superim
posed on the TCL contour map developed by
Pumphrey and Moore as shown in Fig. 7. Even
though this data was derived from a castability
test, it should be equally applicable to welding
because the same hot tearing mechanisms apply
in both cases. Alloys high in solute content, situ
ated near either the copper or magnesium axes
(e.g., Alloys 2219 and 5083), are known to have
excellent weldability. Alloys containing substan
tial amounts of both copper and magnesium
(e.g., Alloys 7075,2024, and 2091) are known to
exhibit poor weldability.

Weldalite™ 049 owes its weldability to both
high copper and low magnesium content in ac
cordance with its original design (Ref 8). The

presence of small amounts of magnesium con
tributes significantly to the formation of
strengthening precipitates, without deterring too
much from weldability. For similar reasons, Al
loy 2519 is both weldable and useful as a high
strength armor alloy.

Predicting weldability with the Pumphrey
Moore diagram (Fig. 7), although conceptually

Table1 Acomparison of aluminum alloynominal
compositions inweightpercent
Only major alloying elements are shown and only mid-range val
ues are given.

Composition, wt%
Alloy eu Mg Zn LI 51

Base metal alloy.

2014 4.4 0.5
2024 4.4 1.5
2219 6.3
2519 5.6 0.2
5083 4.4
6061 0.3 1.0 0.6
7005 1.4 4.5
7075 1.6 2.5 5.6

Filler metal alloy.

2319 6.3
4043 5.2
5356 5.0

Al-U alloy.

2090 2.7 0.2 2.3
2091 2.1 1.5 2.0
8090 1.3 1.0 2.5
Weldalite 049(a) 5.4 0.4 1.3

(a) Also contains 0.04 wt% Ag
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Table 2 Composition, physical properties, and weldability ofselectednon-heat-treatable wrought
aluminum alloys

Thermal
Approximate conductivity at Weldability(a)

Base Nominal composition, wt% melting range 25 'C (71'F), Attwith Arcwith
alloy Cu Mn Mg Cr 'C 'F W/m·K Gas flux Inert gas Resistance Pressure

1060 646-657 1195-1215 234 A A A B A
1100 64~7 1190-1215 222 A A A A A
1350 646-657 1195-1215 234 A A A B A
3003 0.12 1.2 64~ 1190-1210 193 A A A A A
3004 1.2 1.0 629-654 1165-1210 163 B A A A B
5005 0.8 632-654 1170-1210 200 A A A A A
5050 1.4 624-652 1155-1205 193 A A A A A
5052,5652 2.5 607-649 1125-1200 138 A A A A B
5083 0.7 4.4 0.15 574-638 1065-1180 117 C C A A C
5086 0.45 4.0 0.15 585-641 1085-1185 125 C C A A B
5154,5254 3.5 0.25 593-643 1100-1190 125 C C A A B
5454 0.8 2.7 0.12 602-646 1115-1195 134 B B A A B
5456 0.8 5.1 0.12 568-638 1055-1180 117 C C A A C

Weldability ratings: A, readily weldable; B,weldable in most applications, but may require special technique or IDler alloy; C, limited
weldabili ty

Table 3 Composition, physical properties, and weldability ofselected heat-treatable wrought aluminum
alloys

Thermal
Nominal composition of Approximate conductivity at Weidablllty(a)

Base alloying elements, wt% melting range 25 'C (11'F). Arc with Arc with Resist-
alloy Cu Si Mn Mg Zn Cr 'C 'F W/m·K Gas flux inert gas ance Pressure

2014 4.4 0.8 0.8 0.50 507-593 945-1100 154 X C B B C
2024 4.4 0.6 1.5 502-638 935-1180 121 X C C B C
2090 2.7 560-643 1040-1190 88 X X B B C
2219 6.3 0.30 543-643 1010-1190 121 X C A B C
2618 2.3 0.18 1.6 549-638 1020-1180 161 X C B B C
6009 0.40 0.8 0.50 0.6 0.25 0.10 560-649 1040-1200 167 C C B B B
6013 0.9 0.25 0.35 0.95 579-649 1075-1200 150 C C B A B
6061 0.28 0.6 1.0 0.20 582-652 1080-1205 167 A A A A B
6063 0.40 0.7 616-654 1140-1210 200 A A A A B
6101 0.50 0.6 621-654 1150-1210 218 A A A A B
6262 0.28 0.6 1.0 0.09 582-652 1080-1205 172 C C B A B
6351 1.0 0.6 1.0 596-652 1105-1205 176 A A A A B
6951 0.28 0.35 0.6 616-654 1140-1210 198 A A A A A
7005 0.45 1.4 4.5 0.13 607-646 1125-1195 X X A A B
7039 0.30 2.8 4.0 0.20 577-638 1070-1180 154 X X A A B
7075 1.6 2.5 5.6 0.23 477-635 890-1175 130 X X C B C
7079 0.6 0.20 3.3 4.3 0.20 482-638 900-1180 125 X X C B C
7178 2.0 2.8 6.8 0.23 477-629 890-1165 125 X X C B C

<a> Weldability ratings: A, readily weldable; B,weldable in most applications, but may require special technique or filler alloy; C, lim-
ited weldability; X, method not recommended

helpful, is limited in accuracy due to lack of ac
countability for other alloying elements. It is par
ticularly useful, however, in explaining the be
havior of different filler wire alloys and the effect
of weld dilution. For example, the use of a high
copper filler alloy will shift Alloys 2090, 2014,
2519, and Weldalite™ 049 to lower TCL and im
proved weldability. Likewise, high magnesium
filler alloys will shift Alloys 8090,6061,and 7005
to lower TCL and improved weldability.

WeldabiJity Factors

As described above, alloy composition is a sig
nificant factor in determining the weldability of
an aluminum alloy. Compositions of the major
wrought base alloys and their relative weldabil
ity ratings are given in Tables 2 and 3. Similar
data are listed in Tables 4 and 5 for the common
casting alloys. Aluminum alloys also have physi
cal properties that need to be understood when
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Table 4 Composition, physical properties, andweldability ofselected non-heat-treatable castaluminum alloys

Thermal
Nominal composition Approximate conductlvllyat WeldabWty(a)

Base ofalloying elements, wt'Yo melting range 25°C (77 oF), Arc with Arc with
alloy Cu Sl Mg Zn -c OF W/m·K Gas flux Inert gas Resistance Pressure

Sand castings

208.0 4.0 3.0 521--632 970-1170 121 C C B B X
443.0 5.25 577--632 1070-1170 146 A A A A X
511.0 0.50 4.0 588--638 1090-1180 141 X X A A X
512.0 1.8 4.0 588--632 1090-1170 146 X X B B X
514.0 4.0 599--638 1110-1180 137 X X A A X
535.0 6.9 549--632 1020-1170 99 X X A A X
710.0 0.50 0.7 6.5 599--649 1110-1200 137 C C B B X
712.0 0.6 5.8 599--638 1110-1180 159 C C A B X

Permanent mold castings

208.0 4.0 3.0 521--632 970-1170 121 C C B B X
238.0 10.0 4.0 0.25 510-599 950-1110 104 C C B A X
443.0 5.25 577--632 1070-1170 146 A A A A X
A444.0 7.0 577--632 1070-1170 159 A A A A X
513.0 4.0 1.8 582--638 1080-1180 133 X X A A X
711.0 0.50 0.35 6.5 599--643 1110-1190 159 B B A A X

Vie casting.

360.0 9.5 0.50 571-588 1060-1090 146 C X C B X
380.0 3.5 8.5 521-588 970-1090 108 C X C B X
413.0 12.0 577-588 1070-1090 154 C X C B X
518.0 8.0 538--621 1000-1150 99 X X C B X

(a) Weldability ra lings: A, readily weldable; B,weldable in most applications, but mayrequire specific technique or filler alloy;C, lim-
ited weldability; X, joining method not recommended

using the various joining processes. The specific
properties that affect welding are its oxide char
acteristics; the solubility of hydrogen in molten
aluminum; its thermal, electrical, and nonmag
netic characteristics.

Oxide. Thermal treatments and moist storage
conditions will increase oxide thickness, as will
electrochemical anodizing treatments applied for
ornamental, architectural, and wear-resistance
applications. The natural oxide is thin enough to
be removed by either inert-gas welding arcs or
fluxes. However, the thicker oxide should be re
duced by chemical or mechanical means prior to
welding. If the oxide is not removed or displaced,
the result is incomplete fusion. The fluxes used
with some joining processes in order to remove
the oxide contain chlorides and fluorides that
must be removed after the joining operation to
avoid a possible corrosion problem in service.
This has led to a wide acceptance of the inert-gas
arc welding processes, which remove the oxide
without use of a flux.

Hydrogen Solubility. Hydrogen dissolves
very rapidly in molten aluminum. However, hy
drogen has almost no solubility in solid alumi
num and it has been determined to be the pri
mary cause of porosity in aluminum welds. High
temperatures of the weld pool allow a large
amount of hydrogen to be absorbed, and as the

pool solidifies, the solubility of hydrogen is
greatly reduced. Hydrogen that exceeds the ef
fective solubility limit forms gas porosity, if it
does not escape from the solidifying weld.

Any source of hydrogen-such as lubricant on
the base metal or filler, moisture on the surface or
in the form of hydrated oxide on the base or filler
metals, moisture leaks or condensation inside the
nozzle of a water-cooled torch, or moisture in the
shielding gas-must be eliminated in order to
produce sound welds. The aluminum-magne
sium (5xxx series) alloys are most sensitive to
forming a hydrated oxide, and spooled bare elec
trode must be stored in a dry, heated area. The
moisture cannot be removed from the hydrated
oxide by heating, as is done with flux-coated
electrodes.

Electrical Conductivity. When arc welding,
the ground connection can be attached anywhere
on the part. This is preferred to the attachments
of the ground cable to a steel work table, because
the insulating oxide on the aluminum and rust on
the steel can both cause a poor transfer of the
electric current. Arcing at contact points can oc
cur and can mar the aluminum surface.

High electrical conductivity permits the use of
long contact tubes in GMAW guns, because resis
tance heating of the electrode does not occur, as
is experienced with ferrous electrodes. Long con-
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Table 5 Composition,physicalproperties, and weldabilityof selected heat-treatable cast aluminum alloys

Thermal
Nominal composition Approximale conductivity al Weldabillty(a)

Base of alloying elements, wt'Yo melting range 25 -c (77 'F), Arcwilh A",wilh
alloy Cu Si Mg Ni 'C 'F W/m·K Gas flux Inert gas Resistance Pressure

Only sand castings

A201.0 4.5 0.25 571--649 1060-1200 121 C C B B X
240.0 8.0 6.0 516-604 960-1120 95 X X C B X
A242.0 4.1 1.5 2.0 527--638 980-1180 146 X X B B X
295.0 4.5 1.1 521--643 970-1190 141 C C B B X
520.0 10.0 449-599 840-1110 87 C C B C X

Only permanenlmold castings

332.0 3.0 9.5 1.0 521-582 970-1080 104 X X B B X
333.0 3.5 9.0 0.30 521-588 970-1090 117 X X B B X
336.0 1.0 12.0 1.0 2.5 538-571 1000-1060 117 C C B B X
354.0 1.8 9.0 0.50 538-599 1000-1110 125 C C B B X

Sand and permanenlmold castings

222.0 10.0 0.25 521--627 970-1160 130 X X B B X
242.0 4.0 1.5 2.0 527--638 980-1180 133 X X C B X
319.0 3.5 6.0 521--604 970-1120 112 C C B B X
355.0 1.3 5.0 0.50 549--621 1020-1150 150 B B B B X
C355.0 1.3 5.0 0.50 549--621 1020-1150 146 B B B B X
356.0 7.0 0.35 560--616 1040-1140 150 A A A A X
A356.0 7.0 0.35 560--610 1040-1130 150 A A A A X
A357.0 7.0 0.55 554--610 1030-1130 159 B B A A X
359.0 9.0 0.6 566-599 1050-1110 137 B B A A X

(a) Weldability ratings: A, readilyweldable; B,weldable inmost applications,but mayrequire specific technique or filler alloy; C, lim-
ited weldability; X, joining method not recommended

tact tubes are desirable to provide multiple con
tact points for good current commutation. Arcing
in short contact tubes is common with alumirIum,
because of its natural insulating oxide, when only
a couple of contacts are available. This is espe
cially true when the arc is being irIitiated using a
constant-voltage power supply and a fast elec
trode "run-in" speed, which cause a high-current
surge.

The nonmagnetic property of alumirIum mini
mizes problems of "arc blow" and makes it a
suitable material for clamps and fixtures when
arc welding other materials. Vacuum attach
ments, rather than magnetic devices, are required
for lifting or attachirIg portable welding tracks
and the like.

Thermal Characteristics. The thermal conduc
tivity of aluminum is about six times that of steel.
Although the melting temperature of alumirIum
alloys is substantially below that of ferrous al
loys, higher heat inputs are required to weld alu
minum because of its high specific heat. Even so,
if a slow welding pace is employed, then the heat
can be conducted ahead of the arc, requiring con
tinuous adjustments of welding parameters.
Most uniform welding conditions dictate high
heat inputs with moderate welding speeds.

High thermal conductivity makes aluminum
very sensitive to fluctuations in heat input by the
welding process. Specifically, a steady heat input
is required with the faster welding processes,
such as GMAW, to avoid variations in penetra
tion and fusion. For instance, both of these dis
contirIuities can result from the fluctuations In
current that occur in the root pass of a groove or
fillet weld when manipulating a GMAW gurI
powered by a constant-voltage machine, For as
semblies subjected to radiographic examination,
the use of a constant-current (drooping volt-am
pere characteristic) power supply with the
GMAW process is preferred in order to produce
the soundest welds in aluminum.

The thermal expansion of aluminum is about
twice that of steel, and aluminum welds shrink
about 6% by volume during solidification. Thin
material must be fixtured or "tack welded"
closely to keep the edges of the joint in alignment.
ShrirIkage must be balanced by the weldirIg se
quence to control distortion. Weld termination
craters must be given more attention and
avoided in order to prevent shrirIkage voids and
crater cracking.

Aluminum does not change color as it is
heated. Therefore, the welder must be in a posi-
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Table 6 Nominal composition and melting range of standard aluminum filler alloys

Approximate
Alumlnum Nominal composition, wt% melting range
alloy Si Cu Mn Mg Cr Ti Al Others °C OF

1100 0.12 ~.OO 643-657 1190-1215
1188 ~.88 657--660 1215-1220
2319 6.3 0.30 0.15 rem 0.18Zr, 543--643 1010-1190

0.10V
4009(a) 5.0 1.25 0.50 rem 546-621 1015-1150
401O(b) 7.0 0.35 rem 557--613 1035-1135
4011(c) 7.0 0.58 0.12 rem 0.55 Be 557-613 1035-1135
4043 5.25 rem 574--632 1065-1170
4047 12.0 rem 577-582 1070-1080
4145 10.0 4.0 rem 521-585 970-1085
4643 4.1 0.20 rem 574--635 1065-1175
5183 0.75 4.75 0.15 rem 579--638 1075-1180
5356 0.12 5.0 0.12 0.13 rem 571--635 1060-1175
5554 0.75 2.7 0.12 0.12 rem 602--646 1115-1195
5556 0.75 5.1 0.12 0.12 rem 568--635 1055-1175
5654 3.5 0.25 0.10 rem 593--643 1100-1190
C355.0 5.0 1.25 0.50 rem 546-621 1015-1150
A356.0 7.0 0.35 rem 557--613 1035-1135
A357.0 7.0 0.58 0.12 rem 0.55 Be 557--613 1035-1135

(a) Wroughtalloy with composition identical to cast alloy C355.0. (b)Wrought alloy with composition identical to cast alloy A356.0. (c)
Wrought alloy with composition identical to cast alloy A357.0

tion to see the melting under the arc in order to
control the degree of melting as the weld pro
gresses.

Filler Alloy Selection

When choosing the optimum filler alloy, the
end use of the weldment and its desired perform
ance must be prime considerations. Many alloys
and alloy combinations can be joined using any
one of several filler alloys, but only one filler may
be optimal for a specific application. Table 6 lists
the chemical composition and melting range of
standard aluminum filler alloys.

The primary factors commonly considered
when selecting a welding filler alloy are:

Ease of welding or freedom from cracking
Tensile or shear strength of the weld
Weld ductility
Service temperature
Corrosion resistance
Color matchbetween the weld and base alloy
after anodizing

Each of these factors is addressed below.
Sensitivity to Weld Cracking. Ease of welding

is the first consideration for most welding appli
cations. In general, the non-heat-treatable alumi
num alloys can be welded with a filler alloy of the
same basic composition as the base alloy. In some
cases, as shown in Table 6, a small amount of
grain refiner, such as titanium, is added to the
filler alloy to minimize cracking during welding.

For example, filler alloys 5554 and 5556 are iden
tical to base alloys 5454 and 5456, respectively,
except that titanium is added to the filler alloy.

Weld crack sensitivity is most easily controlled
by influencing the composition of the weld. This
is achieved by selecting the proper filler alloys
and ensuring adequate dilution of the filler alloy
to the weld. Generally, joint designs that increase
filler metal dilution (for example, square groove
with gap as opposed to no gap) are beneficial in
reducing the tendency for cracking.

The principal filler alloys for welding alumi
num are the lxxx (1100), 2xxx (2319), 4xxx (4043,
4047,4145, and 4643), and 5xxx (5154,5183,5356,
5554, 5556, and 5654) series. Most of these alloys
are high in solute to reduce crack sensitivity. Be
cause of their narrow solidification temperature
range, the 4xxx series filler alloys provide excel
lent insensitivity to weld cracking but are not
applicable for welding all aluminum-base alloys.
Because of the formation of large amounts of
brittle magnesium-silicide (Mg2Si), the 4xxx se
ries filler alloys are not applicable for welding the
7xxx series alloys containing appreciable
amounts of magnesium. Table 7 shows the filler
alloys recommended for welding various base
alloys to minimize sensitivity to weld cracking
(Ref 9).

The heat-treatable aluminum alloys are some
what more complex, metallurgically, and are
more sensitive to "hot short" cracking. Generally,
a dissimilar alloy filler having higher levels of
solute (for example, copper or silicon) is used in
this case. At high solute levels, there is sufficient
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eutectic liquid available for the back-filling (heal
ing) of tears that formed during solidification.
Typically, alloys used as filler for welding heat
treatable aluminum alloys have a lower melting
temperature than the base alloy. By allowing the
low-melting point constituents of the base alloy
adjacent to the weld to solidify before the weld
metal, stresses are minimized on the base metal
during its hot short condition, and tendencies for
intergranular cracking are greatly reduced.

A simple weld test can be used to determine the
compatibility of a filler alloy with a base alloy in
terms of resistance to weld metal hot cracking.
Typical weld cracking results obtained from a
fillet weld test and similar tests (Ref 10-14) are
shown in Fig. 8. These tests, as well as field expe
rience, have indicated that:

The high-purity 1xxx series alloys and 3003
are easy to weld with base alloy filler, 1100
alloy, or an aluminum-silicon alloy filler,such
as 4043.
Alloy 2219 exhibits the best weldability of the
2xxx series base alloys and is easily welded
with 2319, 4043, and 4145 fillers.
Aluminum-silicon-copper filler alloy 4145
provides the least susceptibility to weld crack
ing with 2xxx series wrought copper bearing
alloys, as well as aluminum-copper and alu
minum-silicon-copper aluminum alloy cast
ings.
The cracking sensitivity of aluminum-magne
sium alloy welds decreases as the magnesium
content of the weld increases above 2%. The
high-magnesium content aluminum filler al
loys 5356, 5183, and 5556 can be used to weld
the aluminum-magnesium wrought and cast
aluminum alloys with relative ease, using the
gas-shielded arc welding processes.
The 6xxx series base alloys are most easily
welded with the aluminum-sillcon-type filler
alloys, such as 4043 and 4047. However, the
aluminum-magnesium-type filler alloys can
also be employed satisfactorily with the low
copper-bearing 6xxx alloys when higher as
welded shear strength and weld metal ductil
ity are required. The 6xxx alloys should not be
welded withbase alloy filler or without a filler
addition, because it can result in cracking.
When 4043 filler alloy is used, the weld metal
should possess a minimum of 50% 4043; with
5356 filler alloy, the weld metal should consist
of 70% 5356, minimum. Joints in 6xxx series
alloys are often beveled or spaced to permit
the excess filler alloy dilution.
The 7xxx series (aluminum-zinc-magnesium)
alloys exhibit a wide range of crack sensitivity
during welding. Alloys 7005 and 7039, with a
low «0.1%) copper content, have a narrow
melting range and can be readily joined with
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the high-magnesium-content filler alloys
5356,5183, and 5556. The 7xxx series of alloys
that possess a substantial amount of copper,
such as 7075 and 7178, have a very wide melt
ing range with a low solidus temperature and
are extremely sensitive to weld crackingwhen
arc welded. The recently introduced alumi
num-lithium alloys are weldable when cor
rect filler alloys are selected. Alloys 2090 and
2095 can be easily welded with 2319 alloy.

Groove weld strength is another major consid
eration when selecting a proper filler alloy. The
heat of welding softens the aluminum alloys ad
jacent to the weld if they are in any temper other
than annealed. In most groove welds, the HAZ of
the base alloy will control the as-welded strength
of the joint.

For non-heat-treatable aluminum alloys, the
zone adjacent to the weld will be completely an
nealed. A few seconds at a temperature above 345
°C (650 OF) will completely remove any effect of
work hardening for 25 to 38 mm (1 to 1112 in.) in
any direction from the weld in these alloys. The
welding procedure and choice of fusion welding
process have little effect on the transverse ulti
mate tensile strength of groove welds; they sim
ply affect the width of the HAZ. The mechanical
properties of groove welds in common non-heat
treatable alloys are listed in Table 8.

The heat-treatable alloys require 2 to 3 h at their
annealing temperature, combined with slow
cooling, for a complete anneal. This does not oc
cur during welding, and the HAZ will consist of
several stages of dissolution and varying degrees
of precipitation, based on the thermal conditions.
The degree of softening in the HAZ is quite sen
sitive to the peak temperature reached at a spe
cific location, as well as the time at temperature.

Factors such as preheat temperature, interpass
cooling, heat input of the joining process and
welding technique, use of "chill" bars, and rate of
cooling all have an effect on the degree of soften
ing that results from welding the heat-treatable
aluminum alloys. Preheat, lack of interpass cool
ing, and slow, weaving weld passes all increase
peak temperatures and extend high tempera
tures farther from the weld, as well as increase
the time at these high temperatures so as to re
duce the mechanical properties in the HAZ.
These factors alone, as well as the use of too small
a specimen to provide an adequate "heat sink,"
can create so much overheating that the mini
mum values required for procedure qualification
may not be met. The weldable 7xxx series alloys
7005 and 7039 are least sensitive to these vari
ables and will naturally age (dissolved precipi
tate will reprecipitate) at room temperature for 2
to 4 weeks following the welding operation to
provide high strength without a postweld ther-
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Table 8 Mechanical properties of gas-shielded arc welded butt joints in selected non-heat-treatable
aluminum alloys

Minimum Tensile
Ultimate tensUe strength ultimate elongation,

Base Filler TyPical Minimum yield slrength(a) %inSO.Bmm Free bend
alloy alloy MPa 1<oi MPa 1<oi MPa 1<oi (2 In.) elongation, %

1060 1188 69 10 55 8 17.2 2.5 29 63
1100 1100 90 13 75.8 11 31 4.5 29 55
1350 1188 69 10 55 8 17.2 2.5 29 63
3003 1100 110 16 96.5 14 48.3 7 24 54
5005 1100 110 16 96.5 14 48.3 7 15 32
5050 5356 159 23 124 18 55.2 8 18 36
5052 5356 193 28 172 25 90 13 19 39
5083 5183 296 43 276(b) 40(b) 165 24 16 34
5086 5356 262 38 241(c) 35(c) 117 17 17 38
5154 5654 228 33 207 30 103 15 17 39
5454 5554 234 34 214 31 110 16 17 40
5456 5556 317 46 290(b) 42(b) 179 26 14 28

(a) 0.2% offset in 254 mm (10 in.) gage length. (b) For thicknesses up to 38 mm (1.5in.) plate. (c)For thicknesses up to 51 mm (2 in.) plate

Table 9 Typical mechanical properties of gas-shielded arc welded butt joints in selected wrought
heat-treatable aluminum alloys

As-welded Postweld heatlreated and aged
Base Elongation Elongation
alloy Tensile Yield Tensile, % Tensile Yield Tensile, %
and Filler strength strength(a) In50.Bmm Free strength Slrength(a) in 50.Bmm Free
temper alloy MPa 1<oi MPa 1<01 (2in.) bend,% MPa 1<01 MPa ksl (2in.) bend, %

2014-T6 4043 234 34 193 28 4 9 345 50 2 5
2014-T6 2319 241 35 193 28 5 414 60 317 46 5
2219-T81, 2319 241 35 179 26 3 15 379 55 262 38 7 5

T87
2219-T31, 2319 241 35 179 26 3 15 276(b) 40(b) 228(b) 33(b) 2(b) 12(b)

1'37
6009-T4 4043 221 32 138 20 9 303(b) 44(b)
6061-T6 4043 186 27 124 18 8 16 303(c) 44(c) 276(c) 40(c) 5(c) 11(c)
6061-T6 5356 207 30 131 19 11 25
6061-T4 4043 186 27 124 18 8 16 241(b) 35(b) 165(b) 24(b) 3(b)
6063-T6 4043 138 20 83 12 8 16 207 30 13 11
6063-T6 5356 138 20 83 12 12 25
7005-T53 5356 317(d) 46(d) 207(d) 30(d) 10(d) 33(d)
7039-T61 5556 324(d) 47(d) 221(d) 32(d) lO(d) 21(d)

(a) 0.2% offsetin50.8 mm (2 in.) gage length. (b) Postweld artificially aged only. (c)For thicknesses greater than 19 mm (34 in.), 4643filler
is required. (d) Postweld aged at room temperature for 30 days

mal operation. Typical mechanical properties for
groove welds in the heat-treatable aluminum al
loys are listed in Table 9.

Postweld Treatment. When heat-treatable al
loy weldments are given a postweld solution
heat treatment and artificial aging, the filler selec
tion is limited. The heat-treatable filler alloy 2319
will provide the highest strength for 2014 and
2219base alloys. Heat-treatable alloy castings are
often repaired or welded with a filler of the same
composition as the base alloy and can be post
weld heat-treated to the desired strength. Inmost
cases, the filler is either not a heat-treatable alloy
or is only mildly responsive to strengthening
thermal treatments. In these cases, dilution of the

base alloy into the weld metal is necessary to
obtain a weld metal alloy that can be postweld
heat-treated.

Filler alloy 4043 (5% Si, balance AI) is a non
heat-treatable alloy. When it is used to weld 6061
alloy, some magnesium from the 6061 must be
alloyed with it to provide an aluminum-silicon
magnesium mixture in the weld metal. This new
weld metal mixture will respond to a postweld
solution heat treatment and produce a groove
weld with a tensile strength equal to that of the
originaI6061-T6. When thick sections, that is 19
rom (% in.) and thicker, are welded, the bevel is
normally so wide that the dilution effect may not
reach the center of the weld. Filler alloy 4643,
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Table 10 Minimum shear strengths of selected
fillet welds

Shear strength
FlUer Longitudinal Transverse
alloy MPa ksl MPa ksi

1100 51.7 7.5 51.7 7.5
2319(a)(b) 110 16.0 110 16.0
2319(c) 152 22.0 200 29.0
4043 79.3 11.5 103 15.0
4643 93.1 13.5 138 20.0
5183 128 18.5 193 28.0
5356 117 17.0 179 26.0
5554 117 17.0 159 23.0
5556 138 20.0 207 30.0
5654 82.7 12.0 124 18.0

(a) As-welded. (b) Artificially aged after welding. (c) Solution
heat-treated and aged after welding

which contains some magnesium itself, has been
used to provide the highest strength in these
cases, as shown for a 75 mm (3 in.) groove weld
in Table 8. This filler is also useful for fillet welds
in thinner metal.

Complete re-solution heat treatment is not al
ways practical, because the rapid quench from a
high temperature can cause distortion of a
welded assembly. An alternate method for in
creasing the welded strength of heat-treatable
alloys is to weld them in the solution heat-treated
temper (T4) and age them after welding is com
plete. To accomplish this effectively, a welding
procedure that keeps the heat input relatively
low and short in duration should be employed.

Filler alloys 5183, 5356,5556, and 5654, which
contain over 3% Mg, are not normally recom
mended for use when parts are to be postweld
aged. These high-magnesium-content aluminum
alloys can be sensitized to stress-corrosion crack
ing (SCC) when subjected to a relatively long-

time precipitation heat treatment (artificial ag
ing) under conditions of high residual stress.

Fillet weld strength represents a significant
consideration when selecting a welding filler al
loy. Minimum shear strength values for several
common filler alloys are listed in Table 10. Filler
alloy 5556 produces the highest fillet weld
strength in the as-welded condition. This is
nearly twice the shear strength of 4043 fillet
welds.

Becauseseveral filler alloys can be used to weld
many base alloys, the higher-strength weld metal
can provide an economic advantage in some ap
plications. For instance, 6061 is commonly
welded with 4043 filler, although 5556 filler can
also be used. For a symmetrical design requiring
a force per unit length of 875 N / mm (5000
lbf/in.) of fillet weld length, an 11 mm f!16 in.)
fillet would be required for the 4043 filler versus
a 6.4 mm (% in.) fillet for 5556filler. The 6.4 mm
(% in.) fillet can be made in a single weld pass,
but three passes normally would be required for
the 11 mm (7116 in.) fillet size. Not only can the
5556 weld be made in one-third of the time, but
distortion from the volume of weld metal shrink
age is also minimized by the smaller weld.

Properties

The ductility of aluminum welds is excellent
for the non-heat-treatable alloys when like filler
alloys are used. Using free-bend elongation val
ues as the measure of weld metal ductility, the
highest ductility is observed with the pure alumi
num alloys. Excellent ductility is also experi
enced in 5xxx series alloys welded with 5xxx se
ries fillers. Tables 8 and 9 list the free-bend
elongation of butt joints in commonly welded
base alloys.

Table 11 Ultimate tensile strength at selected temperatures for gas-shielded arc welded groove joints in
aluminum alloys

Ultimate lensile strength allndicaled lemperature
-184°C -129°C -73°C 38°C 149°C 260°C

Alloy and Filler (-300 oF) (-200 -n (-tOOOF) (100-n (300°F) (SOO oF)

lemper alloy MPa ksi MPa ksl MPa ksl MPa ksl MPa ksl MPa ksl

2219-T37(a) 2319 334 48.5 276 40.0 248 36.0 241 35.0 214 31.0 131 19.0
2219(b) 2319 445 64.5 410 59.5 379 55.0 345 50.0 262 38.0 152 22.0
3003 1100 190 27.5 148 21.5 121 17.5 97 14.0 66 9.5 34 5.0
5052 5356(c) 262 38.0 214 31.0 183 26.5 172 25.0 145 21.0 72 10.5
5083 5183 376 54.5 317 46.0 279 40.5 276 40.0 (d) (d) (d) (d)
5086 5356 331 48.0 279 40.5 245 35.5 241 35.0 (d) (d) (d) (d)
5454 5554 303 44.0 255 37.0 221 32.0 214 31.0 179 26.0 103 15.0
5456 5556 386 56.0 328 47.5 293 42.5 290 42.0 (d) (d) (d) (d)
6061-T6(a) 4043 238 34.5 207 30.0 183 26.5 165 24.0 138 20.0 41 6.0
6061-T6(b) 4043(e) 379 55.0 341 49.5 317 46.0 290 42.0 217 31.5 48 7.0

(a) As welded. (b)Postweld solutionheat treated and artificially aged. (c)5554 filler alloy used at >38 °C (>100"P), (d) Alloy not recom
mended for use at sustained operating temperatures above 66°C. (150 "P), (e) 4643 filler alloy for ~19 mm (~.4 in.) base metal



Table 12 Filleralloysfor weldingselected
aluminum alloysusedfor sustained
elevated-temperature service

Aluminum alloy. Acceptable
Wrought ea.t filler alloy.

lxxx series Base alloy, 1100,
1188,4043,4047

2014,2219 222.0,295.0,319.0, 2319,4043,4145
333.0

Welds in the heat-treatable alloys do not ex
hibit ductility levels as high as those of the non
heat-treatable alloys. In addition, postweld heat
treatments generally reduce ductility, compared
to the as-welded condition. About a 50% higher
ductility level is obtained when a 5xxx series filler
is used with 6061 and 6063 base alloys, rather
than an aluminum-silicon filler alloy, such as
4043.

Low weld ductility results when welding the
aluminum-copper alloys with 4043 or 4145 filler
alloys. However, moderate ductility can be ob
tained when the aluminum-copper alloys are
welded with 2319 filler. In addition, 2319 pro
duces the highest weld metal ductility with the
aluminum-copper alloys after postweld heat
treatments.

Welds in AI-Zn-Mg-Cu alloys, such as 7075and
7178,possess very low ductility (1%or less).This,
in addition to their high sensitivity to cracking
when arc welded, generally discourages their use
for arc welded applications. The low-copper-con
tent 7xxx series alloys, 7005 and 7039, exhibit
good weld ductility with 5183, 5356, and 5556
fillers.

Low ductility is experienced at the weld fusion
zone when joining a high-silicon-content alloy
(such as 356.0casting) to a high-magnesium-con
tent base alloy (such as 5083).No favorable filler
selection is available. If an aluminum-magne
sium filler compatible with 5083 is used, then a
low-ductility interface of Mg2Si occurs on the
356.0 side of the weld. Use of an aluminum-sili
con filler compatible with the 356.0 casting
moves the low-ductility interface to the 5083side
of the weld. A desirable solution is to weld either
the 5083 to an aluminum-magnesium casting or
the 356.0 (7%Si) casting to a wrought alloy, such
as 6061,which is also welded with an aluminum
silicon filler alloy.

Temperature versus Performance. Aluminum
alloys lose a substantial portion of their strength

3003,5005,5050
5052,5454,6061,

6063,7005
354.0,355.0, C355.0

356.0, A356.0,
A357.0, 359.0

413.0,443.0, A444.0

1100,4043,4047
4043,4047,5554

4009,4145, C355.0
4010,4011,4043,

4047,4643, A356.0,
A357.0

4043,4047
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Table13 Electrodepotential of aluminumalloys
in NaCI-H202solution

Potential vol19
0.1 N calomel

Aluminum alIoy(al scalefb) Filler alloy

A712.0 -M9
Alclad, 3003, Alclad, 6061, -0.96

7072
7005-T6, 7039-T6 -0.93 to -0.96
5083,5456,514.0 -0.87 5183,5356,5556
5154,5254,5454,5086 -0.86 5554,5654
5052 -0.85
1350,3004,5050, 7075-T73 -0.84 1188
1100,3003,5005,6061-T6, -0.82 to 0.83 1100,4043,4047

6063, Alclad 2014,Alclad
2024,413.0,443.0, A444.0

6061-T4,7075-T6,356.0-T6, -0.80 to -0.81
360.0

2219-T6and-T8 -0.79 to-O.82 2319
2014-T6, 355.0-T6 -0.78 to-O.79
380.0,319.0,333.0 -0.75 4145
2014-T4, 2024-T3,and -T4 -0.68 to -O.70(c)
2219-T3and -T4 -0.63 to-O.65(c)

(a) Potential of all tempers is the same unless a specific temper is
designated. (b) Measured in an aqueous solution of 53 g NaCl +
3 g H20 2 per liter at 25 °C (77 oF). (c) Potential varies with
quenching rate during fabrication

as temperatures exceed 200°C (390 OF). The alu
minum-copper 2xxx series alloys exhibit the best
elevated-temperature properties, as indicated in
Table 11. The 5xxx series base and filler alloys
with nominal magnesium contents that exceed
3% are not recommended for use at sustained
temperatures above 65°C (150 OF), because they
can be sensitized to SCc. Base alloy 5454 and its
companion filler alloy 5554were developed spe
cifically to provide the highest strength among
the 5xxx alloys for sustained elevated-tempera
ture service. Filler alloy selections suitable for
welding common wrought and cast alloys for
sustained elevated-temperature service are listed
in Table 12.

With decreasing temperature, aluminum al
loys and their weldments gain strength. Rather
than becoming brittle, the aluminum alloys either
maintain or increase in ductility as the tempera
ture decreases below 0 °c (32 OF).

Corrosion resistance of the non-heat-treatable
alloys is not altered significantly by the heat of
welding. The aluminum-magnesium-silicon
heat-treatable alloys, such as 6061and 6063,also
have high corrosion resistance in the welded con
dition. The 2xxx and 7xxx series heat-treatable
alloys, which contain substantial amounts of cop
per and zinc, respectively, can have their resis
tance to corrosion altered by the heat of welding.
For example, in the aluminum-copper alloys, the
HAZ becomes cathodic, whereas in the alumi
num-zinc alloys, it becomes anodic to the remain-
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Table14 Recommendedfilleralloysused to
obtain best color match with aluminumalloys

der of the weldment in the presence of water or
other electrolytes.

Different aluminum alloy compositions pro
duce slightly different electrode potentials in the
presence of various solutions. Selective corrosion
can result in immersed service, where the base
alloy and weld metal possess Significant differ
ences in potential. Table 13 lists the solution po
tentials for common aluminum alloys in a salt
solution.

The alloy with the more negative potential in
the weldment will attempt to protect the other
part. Thus, if the weld metal is anodic to the base
metal (as is a 5356 weld in 6061-T6), the small
weld can be attacked preferentially to protect the
larger surface area of the base metal. The greater
the area to be protected and the greater the differ
ence in electrode potential, the more rapidly will
corrosion action occur.

Optimum corrosion resistance is obtained
when the solution potential of the filler is the
same as that of the base alloy, as shown in Table
13 for 4043 filler alloy and 6061-T6. If this is not
practical, then a preferred arrangement is to have
the larger base alloy surface area be anodic to the
weld metal, such as 7005-T6 welded with 5356
filler.

The HAZ in the 5xxx alloy is mildly cathodic,
whereas the 2xxx alloy exhibits a greater cathodic
differential. The 7xxx series HAZ is anodic to the
unaffected material and would be of greatest
concern. Fabrications in the 7xxx alloys are usu
ally painted to avoid galvanic corrosion. How
ever, as an additional safety precaution in some
cases, the weld area is metallized with another
aluminum alloy to prevent galvanic corrosion if
a void occurs in the paint coating. Most unpro
tected aluminum-base filler alloy combinations
are very satisfactory for general atmospheric con
ditions.

In some cases, an alloy constituent can be
formed by alloying components of the base and
filler alloys to produce an anodic zone at the
transition of the weld and base metal. If a 5xxx
alloy is welded with an aluminum-silicon filler,
or vice versa, then a magnesium silicide constitu
ent can be formed. For certain immersed condi
tions, such as a mild acid condition, the magne
sium silicide can be highly anodic to all other

Aluminum alloy

1100,3003,5005,5050
5052,5154
6061,6063,511.0,514.0,535.0
5083,5086,5454,5456
356.0, A356.0, A357.0, 443.0, A444.0

Filler alloy

1188
5654
5356

5183 or 5556
4010,4043, or 4047

parts of the weldment. A very selective knifelike
corrosive attack can result from this immersed
service.

Some chemical exposures or special circum
stances can require special controls within the
elements of an alloy. In the case of hydrogen
peroxide exposure, the manganese and copper
impurities have been controlled to low limits in
5652 and 5254 base alloys, as well as 5654 filler
alloy. In some cases, a high-purity aluminum al
loy is chosen for special exposure. A filler alloy of
equal or higher purity to that of the base alloy is
generally acceptable in these cases, and filler al
loy 1188would meet most of these requirements.

Weld and Base Metal Color Match. A good
color match between the weld metal and the base
metal is often desired for ornamental or architec
tural applications that are given either chemical
or electrochemical finishes. The final color of the
alloy depends on its chemical composition. Ide
ally, a filler alloy should possess the same compo
sition as the base alloy for an optimum color
match. This can be accomplished for most of the
non-heat-treatable alloys, but it is not practical
with the majority of the heat-treatable aluminum
alloys because of weld cracking sensitivity. Thus,
dissimilar alloys with the same color response to
the final surface treatment are used with these
alloys.

The two alloying elements of primary interest
are silicon and chromium. Silicon in an alloy will
create a gray-to-black color, depending on the
percentage of silicon.Thus, welds made with alu
minum-silicon filler alloys will exhibit a sharp
color contrast with all but the aluminum-silicon
base alloys or those clad with an aluminum-sili
con alloy. Chromium causes an alloy to take on a
yellow or gold shading when anodically treated.
Of lesser concern is manganese, which causes a
faint gray color.

The filler alloys that are recommended to ob
tain a good color match with various base alloys
are listed in Table 14. Base alloys 6061and 6063,
which are most commonly welded with 4043al
loy filler, are of the most concern. Becausea black
weld results when a 4043 weld is anodized, filler
alloy 5356is preferred for the best color match.

Porosity in aluminum weldments occurs
when hydrogen gas is entrapped during solidifi
cation (Ref 37 and 38). Hydrogen has an appre
ciable solubility in molten aluminum and a low
solubility in the solid. Figure 9 shows the solubil
ity of hydrogen in pure aluminum at tempera
tures representing the solid and liquid states.

Hydrogen is absorbed into the molten pool
during weldingbecause of its high solubility, and
it forms gas pores upon solidification due to the
decrease in solubility. Once a gas bubble forms, it
may be expelled from the weld by natural buoy
ancy or forced convection within the molten
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Fig. 9 Hydrogen solubility in pure aluminum

pool. Redistribution of hydrogen during solidifi
cation may also act to push pores ahead of the
solidifying front. Therefore, the welding position
and weld parameters may dramatically alter the
amount of porosity found in solidified welds.

The expulsion of hydrogen pores may be de
scribed by the pore's buoyancy velocity and
welding speed. If the solidification front is mov
ing at a lower velocity than the pore's buoyancy
velocity, gas pores may escape. Lower welding
speeds create slower solidification fronts and fa
vor expulsion of gas pores. Welding position
may either help or hinder the expulsion of pores.
In general, vertical-up welding of aluminum pro
duces the least porosity because the solidifying
pool provides easy escape of gas pores. Con
versely, overhead welding produces the greatest
amount of porosity because float direction and
pool convection patterns cause pores to be en
trapped in the weld root during solidification.

The sources of hydrogen present in the welding
system depend on the particular welding proc
ess. In arc welding these sources are hydrogen
from the base metal, hydrogen from the filler
metal, and hydrogen within the shielding gas.
Hydrogen from the base metal may be attributed
to the surface in the form of hydrocarbons (lubri
cants) and hydrated oxides, or it may be internal,
as with castings and aluminum P1M parts. Filler
metal hydrogen is in the form of hydrocarbons
(lubricants) or hydrated oxides on the surface of
the filler. Hydrogen in the shielding gas is due to
moisture contamination within the gas or aspira
tion of moist air into the gas system due to defec
tive gas lines and couplings. A dew-point deter
mination of the shielding gas may provide an

Fig. 10 Hardnessprofiles of the HAZ for6061-T4 andT6 start
ing materials in the as-welded (AW) and postweld

(PWA) conditions. Source: Ref15

indication of moisture contamination. Normally,
a dew-point measurement of -50°C (-60 OF) or
below, measured at the gas cylinder outlet, is
considered sufficient gas quality (Ref43).

In the case of GMAW of aluminum wrought
products, the filler electrode, shielding gas, and
base metal surface contaminants may contribute
to gas porosity. In the case of welding aluminum
castings or P1M parts, internal hydrogen of the
base metal typically governs pore formation. Be
cause porosity in aluminum welds is attributed
to a source of hydrogen contamination within the
welding system, preventative measures may be
taken to ensure sound welds. This begins with
proper precleaning of the parts to be welded. Mill
and machining lubricant must be removed by
solvent degreasing before welding. Stainless steel
wire brushing of the joint to remove thick mill
oxides is recommended just prior to welding.
During GMAW of aluminum, ac with sufficient
electrode-positive polarity provides excellent arc
cleaning action to remove surface oxides. For
GMAW, procurement of quality electrodes and
proper electrode storage are necessary to mini
mize porosity. In all cases, maintenance of gas
hoses, regulators, and auxiliary equipment is re
quired to produce porosity-free welds.

HAZ Degradation. A HAZ is created adjacent
to the fusion zone and results in a degradation of
base metal properties. This degradation is caused
by microstructural modifications associated with
elevated temperatures experienced in this zone.
For heat-treatable aluminum alloys, the HAZ is
distinguished by dissolution or growth of pre
cipitates. The response in the HAZ of 2xxx alumi
num alloys follows dissolution, whereas the pri
mary modification for the 6xxx alloys is growth
of precipitates. Although the nature of these
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(a) Unnotched, R = -1 at 107 cycles

Table 15 Typical endurance limit values of
wrought aluminum alloys .

Stress concentrations associated with the
weldment, which are strongly influenced by a
number of other parameters, such as joint
type, internal and external geometry, and
joint size
Level of residual stress, which can be influ
enced by postweld heat treatment, weld pro
cedure, and postweld mechanical stress relief

Of these,by far the most significant in determining
the fatigue life of aluminum-alloy weldments are
the stress concentrations associated with the weld
ment and the residual stresses present in the weld.
Basealloy properties lead to secondary influences.

Most of the data presented for welded details
have been obtained from test programs con
ducted on relatively small specimens (Ref 16).
Due to the significance of residual stresses on the
fatigue performance of welded construction (Ref
17-18), direct applicability of these data to
welded aluminum components is limited (Ref
19-23). These programs have generally shown
that the data obtained from large specimens indi
cate a lower fatigue performance than smaller
specimen data. As a result, recent revisions of
both North American and European specifica
tions (Ref 24-25) reflect the results of tests on
full-scale structures.

124.11
103.43
103.43
117.22
124.11
137.9
158.59
117.22
131.01
96.53
96.53
68.95

158.59

FaUgue endurance
Ilmh, MPa(a)

Alloy
andtemper

2014-T6
2219-T62
2219-1'81
5052-H32
5052-H34
5056-0
5083-H321
5154-0
5154-H34
6061-T4
6061-T6
6063-T63
7079-T651

Fatigue Performance
of Aluminum Welds*

HAZs may differ, they are all diffusion-control
led and thermally dependent. A common
method of determining the width and extent of
the HAZ is by measuring the hardness across this
zone.

Postweld Heat Treatment and the HAZ. Post
weld heat treatments can be used to improve the
strength of the HAZ for heat-treatable alloys.
This may involve complete postweld solution
heat treating and aging or postweld aging only.
Although the recovery of strength in the HAZ
after postweld aging is less than postweld solu
tion heat treating and aging, there are advantages
to postweld aging only. Temperatures used for
postweld aging are much lower than postweld
solution heat treating and postweld aging does
not involve water quenching that imposes resid
ual stresses and distortion to welded assemblies.
However, great strides have been made in the
development and application of polymer quen
chants that reduce the amount of distortion ob
served after quenching and may complement the
use of postweld solution heat treating and aging.

Figure 10 depicts hardness profiles of the HAZ
for 6061-T4 and 6061-T6 starting material in the
as-welded and postweld aged conditions (Ref
15). A dramatic recovery of strength in the HAZ
is observed when welding 6061-T4and postweld
aging. Postweld thermal treatments may be used
to recover strength in the HAZ of the heat-treat
able alloys; however, when 6061-T6 is postweld
aged, strength in the HAZ is increased while
strength in the unaffected base metal is de
creased. This is due to overaging of the 6061-T6
base metal; therefore, T4 or T3material should be
used when postweld aging the precipitation-har
denable alloys. The 7xxx series alloys possess the
ability to naturally age (age at room temperature)
in the HAZ. The recovery of strength is similar to
postweld artificial aging, but because of the rela
tively low-temperature aging, the time is sub
stantial. Usually, a period of 14 days is required
for improving the HAZ strength of the 7xxx se
ries alloys by natural aging.

A number of factors, both global and local,
influence the fatigue performance of welded alu
minum joints. Among the most significant are:

Magnitude, nature, and range of the applied
stresses
Properties of the base alloy

Parent Alloy Effects

Some aspects of fatigue behavior can be af
fected by parent alloy selection, although this is
generally a secondary factor in terms of the fa
tigue performance of welded aluminum joints.
Typical endurance limit values for smooth-sided
specimens of general structural alloys without

*Adapted from the article "Fatigue Strength of Aluminum-Alloy Welds," by Jeffrey S.Crompton, Edison Welding In
stitute, inASM Handbook, Volume 19, 1996,P 823-828
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Fig. 13 Effect of temper on axial-tension fatigue behavior of
5083 butt-welded joints, Source: Ref 1

increase in fatigue strength for either 5xxx- or
7xxx-series alloys. However, 2xxx alloys with ul
timate tensile strengths greater than 345MPa ex
hibit higher average fatigue strengths. A com
parison (Ref 28) of the fatigue performance of
as-welded smooth butt joints in a range of struc
tural aluminum alloys is shown in Fig. 11. It is
evident that any significant differences in fatigue
behavior occur away from the fatigue endurance
limit.

At short lives, fatigue life is more closely re
lated to the different strengths of the materials
used. At long lives, alloy type exerts little influ
ence, and a common curve is often used for de
sign approaches, At these long lives the predomi
nant mechanism of failure is by crack growth
under fatigue loading. Figure 12shows that there

5020

10-4

10-5

Q)
10-5

g,
10-7..e

E
';I! 10-8
~
'tj

10-9

10-10

10-11

2 5 10

AK,MPafm

Fig. 12 Fatigue crack propagation rates of wrought aluminum
alloys, Source: Ref 7

welds are given in Table 15.It has been observed
(Ref26) that the endurance limit is approximately
half of the tensile strengthwhen considering gen
eral structural alloys with a tensile strength be
tween 240 and 480 MPa. Alloys whose strength
exceeds this upper value tend not to show this
behavior, since their increased notch sensitivity
limits fatigue life.

In welded aluminum joints, the effect of the
mechanical properties of the parent alloy on fa
tigue strength is not as significant as that re
ported for welded steel joints. The results of in
vestigations of butt-welded aluminumjoints (Ref
27) show that for ultimate tensile strengths up to
approximately 345 MPa, there is no significant
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Table 16 Effectof reinforcement on weldmentfatigue (R = 0)

Ultimale strength of Average fatigue strength, MPa
Alloy parentmaterial, MPa

N=104 N=105 N=106 N=107

Reinlorcementon, as-welded

5052-H32 227.54 172.38 103.43 75.85 55.16
5052-H34 262.01 199.96 137.90 82.74 62.06
5083-H113 317.17 124.11 89.64 68.95
7004-T41 358.54 124.11 96.53 82.74

Reinforcement off

5052-H32 227.54 193.06 117.22 103.43
5083-H113 317.17 165.48 137.90 117.22

No. of
Iesls

12
12
45
54

9
20

Table 17 Effectof reinforcement on weldment fatigue (R = 0)

Ultimate strength of Average fatigue strength, MPa No. of
Alloyparenl parent metal, MPa

N=104 N=105 N=106 N=107 tests

Reinforcement OR, as-welded

2014-T6 (61) 482.65 220.64 124.11 96.53 96.53 23
2219-31 358.54 220.64 124.11 96.53 96.53 20
2219-T62 413.7 296.49 179.27 151.69 137.9 9
2219-T81 455.07 220.64 124.11 96.53 96.53 21
3003-F 110.32 75.88 48.27 48.27 7
5052-H34 262.01 186.17 124.11 82.74 68.95 21
5083-0 289.59 137.9 103.43 82.74 15
5083-H112 275.8 137.9 96.53 82.74 14
5083-H113 317.17 186.17 131.01 96.53 82.74 99
5086-H32 289.59 124.11 82.74 68.95 29
5154-H34 289.59 186.17 117.22 75.85 68.95 34
5356-H321 206.85 131.01 75.85 68.95 14
5456-0 310.28 103.43 82.74 7
5456-H321 351.65 206.85 131.01 89.64 68.95 33
6061-T6 310.28 158.59 110.32 68.95 62.06 26
7039-T61 413.7 220.64 151.69 117.22 89.64 28
7106-T63 434.39 179.27 124.11 82.74 75.85 31
7139-T63 441.28 186.17 117.22 68.95 68.95 13

Reinforcement off

2219-T31 358.54 255.12 193.06 158.59 137.9 8
2219-T81 455.07 193.06 172.38 172.38 10
5052-H34 262.01 186.17 165.48 103.43 89.64 6
5083-0 289.59 131.01 117.22 9
5083-H112 275.8 186.17 144.80 131.01 13
5083-H113 317.17 172.38 131.01 117.22 52
5086-H32 289.59 186.17 124.11 103.43 40
5154-H34 289.59 199.96 117.22 75.85 4
5356-H321 199.96 158.59 124.11 82.74 4
5456-H321 351.65 262.01 199.96 137.9 110.32 12
6061-T6 310.28 172.38 131.01 89.64 62.06 3
7039-T61 413.7 213.75 144.80 110.32 24
7106-T63 434.39 206.85 144.80 131.01 15
7139-T63 441.28 193.06 137.9 131.01 6

is little influence of alloy type on fatigue crack tigue performance of as-welded smooth butt
growth behavior (Ref 22). Consequently, little joints (Fig. 13).
difference in fatigue life defined by crack growth

Joint Configurationapproaches would be expected. Similarly, al-
though the heat treatment and temper of an alloy The fatigue life of a welded joint or structure is
may significantly affect the mechanical proper- almost always limited by the fatigue life of the
ties of the parent alloy, it has been reported (Ref weld details. In general, the fatigue life of a com-
27) that alloy temper has little effect on the fa- ponent can be broken down into two phases:



Table 18 Effectof reinforcement on weldment
fatigue (R =0)

Reinforcemenf en, as welded

5083-0 289.59 103.43 89.64 75.85 13
5083-H113 317.17 131.01 103.43 82.74 65
5456-H321 351.65 124.11 82.74 68.95 19

Reinforcement off

5083-0 289.59 110.32 89.64 6
5083-H113 317.17 172.38 131.01 110.32 33
5456-H321 351.65 137.9 110.32 16

initiation and propagation. For smooth compo
nents, the crack initiation period represents the
largest proportion of the total fatigue life. This is
particularly noticeable at high fatigue lives,
where the fatigue crack initiation period may
exceed 95% of the fatigue life. In welded struc
tures, the positioning of welds at structural dis
continuities and the localized stress concentra
tions obtained in a weld detail change this
response. The stress concentrations increase the
local stresses and act to reduce the initiation pe
riod. Alternatively, the discontinuities associated
with the weld toe region behave as preexisting
cracks, and the fatigue life is then determined by
the fatigue crack propagation behavior.

Alloy

Ultimate strength
of parent

metal,MPa

Average fatigue
strength, MPa No. of

N=105 N=106 N=107 tests
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The high stress concentration inherent in the
geometry of a fillet weld causes low fatigue
strength in such joints. The joint designs with
poorest fatigue resistance are the nonsymmetri
cal types, such as strap, tee, and lap joints in
which large secondary stresses are developed.
Poor fatigue resistance is also observed in non
load-carrying attachments or reinforcements to a
plate (fables 16-18).

These effects are widely documented and are
the basis for classification of structural joints for
which statistical minima of fatigue strength have
been developed (Ref 29). These classifications are
appropriate for alloys in the endurance limit re
gime since there is little significant difference be
tween alloy performance,

The effect of localized stress concentration on
the fatigue performance of welded aluminum
butt joints is illustrated in Fig. 14 to 16. As
welded specimens possessed a weld bead, which
itself provides a source of localized stress concen
tration. In specimens where the weld bead was
removed, the stress concentration was removed,
resulting in longer fatigue lives.

Many stress concentration sites exist in more
commonly used joint configurations. These may
be simple geometrical discontinuities from weld
joint design or discontinuities that arise from the
welding procedure. Of these, factors that pro
duce a defective weld (e.g., excessive porosity,
lack of fusion, etc.) act to produce severe internal
stress concentrations, which mayor may not
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override the effects produced by external factors
such as structural discontinuities.

In general, the choice of fillermetal and method
of edge preparation exert little influence on
welded joint fatigue behavior (Fig. 17 and 18).
Single-V welds are usually superior (Table 19);

lack of fusion and poor root pass problems often
occur in double-V or square joints.

The fatigue strength of welded joints is rela
tively unaffected by the tensile strength of the
material. This is because the majority of the fa
tigue life of a welded joint is spent in the propa-
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metal. Source: Ref30

gation of fatigue cracks to critical sizes. Although
tensile strength may be affected by changes in
alloys, heat treatment, or temper, crack propaga
tion rates are relatively insensitive to such
changes.

Residual Stress Effects

Residual stresses in weldments are produced
by the local thermal expansion, plastic deforma
tion, and subsequent shrinkage associated with
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Table 19 Fatigue with single-Vand double-V
reinforcement (R =0)

Ultimate strength Average fatigue
of parent strength, MPa No. of

Alloy melal,MPa
N=10s N=106 N=107 tests

Longitudinal slngle-V, reinfo«emenlon

5052-H34 262.01 144.8 96.53 68.95 5
5083-0 289.59 117.22 82.74 16
5083-H113 317.17 110.32 89.64 15
5086-H32 289.59 131.01 96.53 68.95 28
5456-0 310.28 103.43 89.64 9
5456-H321 351.65 137.9 82.74 68.95 15
6061-T6 310.28 144.8 89.64 75.85 7

Longitudinal double-V, reinforcement on

5083·H113 317.17 131.01 103.43 24
5456-0 310.28 96.53 82.74 9
5456-H321 351.65 96.53 82.74 11

ratio of the applied stress. For a stress ratio of 0.5,
there is little difference in fatigue strength be
tween as-welded and stress-relieved specimens.
For a stress ratio of -0.5, fatigue life improves for
the stress-relieved specimens. At a stress ratio of
zero, the fatigue strength at 1 x 107 cycles is ap
proximately 40% higher for the stress-relieved
material.

The residual stress distribution is also influ
enced by the welding sequence and welding
process (Ref 39), which may explain some of the
differences in fatigue response that have been
attributed to the influence of weld processing
parameters (Ref 27, 40, 41). The buildup of re
straint across the weld is a primary influence on
the residual stress distribution across the weld.
The restraint can be affected by factors such as
preheat, weld bead, positioning, and end re
straint, and thus determination of the effect of
weld processing not attributable to the change in
residual stress distribution is difficult.

the thermal cycling that occurs during welding.
The precise distribution of residual stresses in a
welded joint is complex and depends on a num
ber of factors. Fatigue performance is signifi
cantly affected by the level of residual stress pres
ent in the weldment. If tensile residual stresses
are present, the crack initiation phase is short
ened, resulting in a reduction in fatigue life.

Extensive measurements and experimental
data on residual stress distribution and its effect
on fatigue life have been generated (Ref 31-35).
Typical residual stress values may be as low as
20% of the parent alloy yield value or up to 45%
of the heat-affected zone (HAZ) yield value. The
influence of residual stresses on fatigue perform
ance has been noted by a number of workers (Ref
36, 37) (Fig. 19). The effect of the residual stress
depends on the maximum value and on the stress

Improvement ofFatigue Performance

As has been shown, the fatigue life of alumi
num weldments is primarily determined by two
factors: the stress concentrations associated with
the weld detail and the residual stresses associ
ated with the weld. Consequently, there are two
primary categories of techniques that can result
in improved fatigue life:

Techniques that modify the weld toe geometry

Machining
Grinding
VVaterjeterosion
Remelting techniques (e.g., tungsten-inert
gas, or TIG, dressing)
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Fig. 19 Effectof stress relief on fatiguestrengthof 5456-H3221 longitudinal butt welds. Source: Ref38
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These techniques improve fatigue strength be
cause they remove the slag intrusions that form at
the weld toes. They also modify the weld toe ge
ometry, thereby reducing the stress concentration
effect.

Techniques that impose a compressive resid
ual stress field

Hammer peening
Shot peening
Needle peening
Spot heating
Localcompression

The introduction of compressive residual stresses
in the surface material effectivelyreduces the ten
sile component of any applied stress, and thus
reduces the crack propagation rate during the
early stages of crack growth.

Fatigue performance can also be enhanced by
using improved welding procedures. Recent de
velopments in solid-state welding technology
(Ref42) have enabled the production of welds in
aluminum that do not possess some of the geo
metrical and material inhomogeneities com
monly found with conventional welding technol
ogy. Friction stir welding (FSW)has been found
to produce fatigue properties superior to those
obtained from specimens produced by metal-in
ert gas (MIG) and plasma keyhole welding (Ref
42). These data are shown in Fig. 20 and 21 for
alloys 6005and 6082for a range of temper condi
tions.

Size Effects on Fatigue Performance

Considering the significant influence of weld
geometry and residual stress distribution on the
fatigue performance of welded aluminum joints,
it is not surprising that the fatigue results ob
tained from small-scale specimens demonstrate
distinctly higher fatigue limits than those ob
tained in full-scale sections. In a study of the
effect of changing attachment plate size from 3 to
24 mm while maintaining a constant local weld
toe geometry, Maddox (Ref 43) has shown sig-

nificant differences in S-N data. This has led to
the proposal that scale correction factors can be
used that allow estimation of the fatigue strength
of components of differing thicknesses. This scale
correction factor has been proposed to be:

(

12 )0.25
Scalefactor = Teff

for plate thicknesses T ~ 12 mm
and

(
2T)0.25(12)°·13

Scale factor = L T

for plate thicknesses T < 12 mm

Here Teff is the effectivethickness, which is 0.5Lif
lIT :;::; 2,where Lis the toe separation of the welds,
and T is LIT > 2.

In a similar manner, many results (Ref 20, 22,
30, 44, 45) have indicated that larger-scale beam
structures have lower fatigue lives than those
predicted from small-scale specimens. Obvi
ously, one explanation for this behavior is the
potential difference in the residual stress distri
bution of the welded joints brought about by the
different degrees of restraint imposed on the
weld by the structural fabrication techniques. In
addition, the complex stress distributions associ
ated with the gradients affect both the localized
stress, thereby potentially influencing crack in
itiation, and the driving force for crack growth.
By considering the combined effects of residual
stress, complex local stress distributions, and
steep stress gradients, Jaccard (Ref 22) has been
able to evaluate accurately the fatigue life of com
plex structural welded aluminum components.
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Chapter 16

Properties of
Titanium-Alloy Welds*

TITANIUM ALLOYS represent an important
class of materials due to their high specific
strength (i.e., strength-to-density ratio) and
toughness, excellent elevated-temperature prop
erties up to approximately 650°C (1200 OF) and
superior corrosion resistance. Another signifi
cant advantage of titanium alloys is their gener
ally excellent capability to be joined using a wide
range of welding processes.

Titaniumhas a strong chemical affinity for oxy
gen, and a stable, tenacious oxide layer forms
rapidly on a clean surface, even at room tempera
ture. This behavior leads to a natural passivity
that provides a high degree of corrosion resis
tance. However, at temperatures exceeding 500
°C (930OF), its oxidation resistance decreases rap
idly, and the metalbecomes highly susceptible to
embrittlement by oxygen, nitrogen, and hydro
gen, which dissolve interstitially in titanium.
Therefore, the melting, solidification, and solid
state cooling associated with fusion welding
must be conducted in completely inert or vac
uum environments.

The fusion welding processes most widely
used for joining titanium are gas-tungsten arc
welding (GTAW), gas-metal arc welding
(GMAW), plasma arc welding (PAW), laser
beam welding (LBW), and electron-beam weld
ing (EBW);each of these processes are discussed
later in this article. With the arc and laser welding
processes, protection of the weld zone can be
provided by localized inert-gas shielding. Com-

plete enclosure in a protective chamber of the
high vacuum environment associated with the
electron-beam welding process inherently pro
vides better atmospheric protection. In addition
to proper shielding, welded component cleanli
ness (including filler metals) is necessary to avoid
weld contamination.

The welding of thin-to-moderate section thick
nesses in titanium alloys can be accomplished
using all of the aforementioned processes. The
GTAW process offers the greatest flexibility for
both manual and automatic application at mini
mum capital investment. Ifproduction volume is
large, the high capital investment required for
LBW and EBW systems can be acceptable, based
on higher welding rates and improved produc
tivity. For titanium plate thickness exceeding
about 5 mm (0.20 in.), the high-energy density
processes are the most efficient. Plasma arc weld
ing' for producing welds up to about 15 mm (0.6
in.) thick, and EBW, which can readily generate
single-pass welds in plates over 50 mm (2 in.)
thick, are used in current aerospace practice. In
addition to thickness requirements, complex ge
ometries may require manual welding or the use
of extensive fixturing. The automatic welding of
extremely large components may also prove dif
ficult, particularly with the EBW process.

Residual stresses in titanium welds can greatly
influence the performance of a fabricated aero
space component by degrading fatigue proper
ties, while distortion can cause difficulties in the

*Adapted fromASM Handbook, Volume 6, 1993,and the article"Advances in the Arc Welding of Titanium Alloys," by
J.R. Hartman and W.A. Baeslack ill, in Weldability a/Materials, ASM International, 1990,p 319-330
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final assembly and operation of high-tolerance
aerospace systems. Thus, the use of high-energy
density welding processes to produce full-pene
tration, single-pass autogenous welds, rather
than multipass conventional arc welding, is de
sirable to minimize these difficulties.

Several important and interrelated aspects of
welding phenomena contribute to the overall un
derstanding of titanium alloy welding metal
lurgy. These factors include melting and solidifi
cation effects on weld microstructure, postweld
heat treatment effects, and structure/mechanical
property/fracture relationships. Each of these
are described below as well as in several excellent
review articles (Ref1-4).

Alloy Types and Weldability

Titanium undergoes an allotropic phase trans
formation at about 885°C (1625 OF), changing
from a close-packed hexagonal crystal structure
(alpha phase) to a body-centered cubic crystal
structure (beta phase). Depending on their micro
structure, titanium alloys fall into one of four
classes: alpha, near-alpha, alpha-beta, or metas
table beta. These classes, which are described be
low, denote the general type of microstructure
after processing. An alpha alloy will contain only
trace amounts of beta phase. A near-alpha alloy
will contain limited beta phase and may appear
microstructurally similar to an alpha alloy. An
alpha-beta alloy will consist of alpha and re
tained or transformed beta. A metastable beta
alloy will tend to retain the beta phase on initial
cooling to room temperature but will precipitate
fine alpha phase during heat treatment.

Table 1 lists nominal compositions and tensile
properties of some of the more common grades.
Of the alloys listed in Table 1, Ti-6AI-4V is the
most widely used titanium alloy, accounting for
about 50% of total titanium production. Unal
loyed grades comprise about 25%of production,
and all other alloys combined comprise the re
maining 25%.

Unalloyed titanium products, which have
minimum titanium contents ranging from about
98 to 99.5 wt%, are usually selected for their ex
cellent corrosion resistance, especially in applica
tions where high strength is not required. These
materials are also used because they are highly
formable and weldable.

Oxygen and iron are the primary variants in
these grades; strength increases with increasing
oxygen and iron contents. If the iron content is
above about 0.05%,preferential corrosive attack
of weld metal can occur in nitric acid solutions
(Ref 5). Welds are particularly vulnerable be-

*TiMetal is a registered tradename of Timet Inc.

cause of the acicular nature of any retained beta
phase that is stabilized by the iron. Galvanic cells
between the beta and the contiguous alpha phase
initiate corrosion of the weld metal. This behav
ior is not true for the base metal, where retained
beta is finely divided and discontinuous, and cor
rosive attack is slight. Filler metal with low iron
content should be used, and all sources of iron
contamination during preparation and welding
should be avoided.

Alpha and Near-Alpha Alloys. Alpha alloys
that contain aluminum, tin, and/or zirconium
are preferred for high-temperature as well as
cryogenic applications. Alpha-rich alloys gener
ally are more resistant to creep at high tempera
ture than alpha-beta or metastable beta alloys.
The extra-low-interstitial alpha alloys (ELI
grades) retain ductility and toughness at cryo
genic temperatures, and Ti-5AI-2.5Sn-ELI has
been used extensively in such applications.

Unlike alpha-beta and metastable beta alloys,
alpha alloys cannot be strengthened by heat
treatment. Generally, alpha alloys are annealed
or recrystallized to remove residual stresses in
duced by cold working.

The alpha and near-alpha alloys have good
weldability because of their good ductility (Ref
5). Welding operations have little effect on the
mechanical properties of annealed material in the
heat-affected zone. However, the strength of
cold-worked material in the weld heat-affected
zone is decreased as a result of heating. There
fore, these alloys are normally welded in the an
nealed condition. Stress relieving of weldments is
commonly recommended.

TiMetal*1100is a recently developed creep-re
sistant near-alpha titanium alloy. TiMetal1100 is
generally considered to be a very weldable alloy,
because of its high ductility. However, the excel
lent creep resistance of this alloy also means that
high residual stresses will be developed when
welding, especially with thick sections. These
stresses may have to be relieved by a postweld
heat treatment following welding, in order to
avoid cracking.

The near-alpha alloy IMI 834is also considered
to be weldable, but the weld fusion zone and
heat-affected zone (HAZ) may be void in pri
mary alpha phase. These regions may not retain
a good balance of creep and fatigue properties,
for which IMI 834 is designed.

Alpha-beta alloys contain one or more alpha
stabilizers or alpha-soluble elements plus one or
more beta stabilizers. These alloys retain more
beta phase after solution treatment than do near
alpha alloys, and alpha-beta alloys can be
strengthened by solution treating and aging.
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Table 1 Properties andcompositions of titanium and titanium alloys

Tensile 0.2%yield
strength (min) strength (min) Nominal composition, wt%

Designation MPa ksi' MPa ksi AI Sn Zr Mo Others

Unalloyed grades

ASIMGradel 240 35 170 25
ASIM Grade 2 340 50 280 40
ASIM Grade 3 450 65 380 55
ASIMGrade4 550 80 480 70
ASIMGrade7 340 50 280 40 0.2Pd
ASIM Grade 11 240 35 170 25 0.12-0.25Pd
ASIM Grade 12 480 70 380 55 0.3 0.6-0.9Ni

Alpha and near-alpha alloys

Ti-o.3Mo-0.8Ni 480 70 380 55 0.3 0.8Ni
Ti-5Al-2.5Sn 790 115 760 110 5 2.5
Ti-5Al-2.5Sn-EU 690 100 620 90 5 2.5
Ti-8Al-1Mo-1V 900 130 830 120 8 1 IV
Ti-6Al-2Sn-4Zr-2Mo 900 130 830 120 6 2 4 2
Ti-6Al-2Nb-1Ta-0.8Mo 790 115 690 100 6 1 2Nb, 1 Ta
Ti-2.5Al-11Sn-5Zr-1Mo 1000 145 900 130 2.25 11.0 5.0 1.0 0.2Si
Ti-5Al-SSn-2Zr-2Mo(a) 900 130 830 120 5 5 2 2 0.25Si

Alpha-beta alloys

Ti-6Al-4V(b) 900 130 830 120 6.0 4.0V
Ti-6Al-4V-EU(b) 830 120 760 110 6.0 4.0V
Ti-6Al-6V-2Sn(b) 1030 150 970 140 6.0 2.0 0.75Cu,6.0V
Ti-8Mn(b) 860 125 760 110 8.0Mn
Ti-7Al-4Mo(b) 1030 150 970 140 7.0 4.0
Ti-6Al-2Sn-4Zr-6Mo(c) 1170 170 1100 160 6.0 2.0 4.0 6.0
Ti-5Al-2Sn-2Zr-4Mo-4Cr(a)(c) 1125 163 1055 153 5.0 2.0 2.0 4.0 4.0Cr
Ti-6Al-2Sn-2Zr-2Mo-2Cr(a)(b) 1030 150 970 140 5.7 2.0 2.0 2.0 2.0 Cr, 0.25Si
Ti-3Al-2.5V(d) 620 90 520 75 3.0 2.5V
Ti-1100 1000 145 900 130 6.0 2.75 4.0 0.4 0.45Si
Ti-4.5Al-5Mo-1.5Cr (CORONAS) 900 130 830 120 4.5 5.0 1.5Cr

Metastable beta alloys

Ti-10V-2Fe-3Al(a)(c) 1170 170 1100 160 3.0 10.0 V
Ti-13V-11Cr-3Al(c) 1170 170 1100 160 3.0 11.0 Cr, 13.0 V
Ti-8Mo-8V-2Fe-3Al(a)(c) 1170 170 1100 160 3.0 8.0 8.0V
Ti-3Al-8V-6Cr-4M0-4Zr(a)(b) 900 130 830 120 3.0 4.0 4.0 6.0Cr,8.0V
Ti-11.5Mo-6Zr-4.5Sn (Beta ill)(b) 690 100 620 90 4.5 6.0 11.5
Ti-15V-3Al-3Sn-3Cr 790 115 775 115 3.0 3.0 15.0 V,3.0 Cr
Ti-15Mo-2.7Nb-3Al-0.2Si (Beta 21S)(c) 1100 160 1030 150 3.0 15.0 2.7 Nb,0.2 Si

(a) Semicommercial alloy; mechanical properties and composition limits subject to negotiation with suppliers. (b) Mechanicalproper-
ties given for annealed condition; may be solution treated and aged to increase strength. (c) Mechanical properties given for solution
treated and aged condition; alloynot normally applied in annealed condition. Properties may be sensitive to section size and process-
ing. (d) Primarily a tubing alloy; may be cold drawn to increase strength

Welding alpha-beta alloys may significantly
change their strength, ductility, and toughness
characteristics as a result of the thermal cycle to
which the alloy is exposed (Ref5). The low duc
tility of most alpha-beta alloy welds is caused by
phase transformations in the weld metal or the
heat-affected zone, or both. Alpha-beta alloys can
be welded with unalloyed titanium or alpha-tita
nium alloy filler metal to produce a weld metal
that is low in beta phase. This improves weld
ductility. However, this procedure does not over
come the low ductility of the heat-affected zone
in alloys that contain large amounts of beta stabi
lizers.

Ti-6AI-4V has the best weldability of the alpha
beta alloys. This weldability can be attributed to
two principal factors. First, the alpha-prime
martensite which forms in Ti-6AI-4V is not as
hard and brittle as that exhibited by more heavily
beta-stabilized alloys, such as Ti-6Al-6V-2Sn.
Secondly, Ti-6Al-4V exhibits a relatively low har
denability, which allows the formation of higher
proportions of the more desirable Widmanstat
ten alpha plus retained beta microstructure even
at relatively high weld cooling rates.

Due to its single-phase mode of solidification
(i.e., absence of low-melting-point eutectics), Ti
6Al-4V is also highly resistant to solidification-
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and liquation-related cracking. However, the
occurrence of solid-state cracking and the forma 
tion of poro sity can be encountered during weld
ing. Fortunately, these defect s are not metallurgi
cally inh erent in Ti-6AI-4V, but rather originate
from readily correctable deficiencies in preweld
cleaning of the workpieces and shielding of the
weld zone from atmospheric contamina tion.

Alpha-beta alloys that are highly beta stabi
lized, such as Ti-6AI-2Sn-4Zr-6Mo and Ti-6Al
6V-2Sn, have limited weldabilit y. They tend to
crack when welded under high rest raint or when
minor defects are present in the weld zon e (Ref
5). The resistance to cracking may be improved
by preheating in the range of 150 to 175 °C (300to
350 OF) and then stress-relieving immediately af
ter welding.

Metastable beta alloys are sufficiently rich in
beta stabilizers (and lean in alpha stabilizers) that
the beta phase can be completely retained with
appropriate cooling rates. As a class, me tastable
beta alloys offer increased fracture toughness
over alpha-beta alloys at a given strength level.
However, meta stable beta and beta alloys require
close control of processing and fabrication steps
to achieve optimal properties. In the past, metas
table beta alloys had rather limited applications,
such as springs and fastener s, where very high
streng th wa s required. In recent years, however,
metastable beta alloys have received closer atten
tion because their fracture tou ghn ess charac
teristics respond to the increased need for dam
age tolerance in aerospace structu res.

Most meta stable beta alloys are weldable in
either the ann ealed or the heat-treated condition
(Ref 5). These alloys include Ti-13V-llCr-3AI,Ti
8Mo-8V-3AI-2Fe, and Ti-15V-3AI-3Cr-3Sn alloys .
The near -beta Ti-lOV-2Fe-3Al alloy also is very

Fig.1
lute

Macrograph showing columnar beta grains in a Ti-6AI
4V laser-beam weld. 13x. Courtesyo fThe Welding Insti-

weldable in the heat-treated condi tion. Tensile
and fractu re tou ghness values that are near those
of the base metal can be achieved with as-welded
Ti-l0V-2Fe-3AI.

Although metastable-b eta titanium alloys,
such as Beta 21S, are generally consid ered to be
weldable, cooling ra tes should be kep t relatively
high, and the weld fusion zone size should be
min imized to avoid the form ation of coarse co
lumnar beta fusion zone grains and large beta
HAZ grains, both of which can degrad e ductility.
If a relatively fine as-welded grain structure can
be achieved, then moderate weld streng th and
high ductility can be achieved. Postweld heat
treating to pr ecipitate the alpha phase can signifi
cantly increase weld tensile strength s, but at the
expen se of ductility. Higher postweld agin g tem
peratures may result in the form ation of Signifi
cant amounts of alpha phase along the beta grain
boundaries, which changes the fracture mode,
but does not necessarily degrade the properties.

Like Beta 21S, the Beta C alloy is considered to
be highly weldable, but the fusion zone and HAZ
beta grain size should be minimized (Ref 5). As
welded structu res are char acterized by low
strength and high ductility. Relativ ely low post
weld aging treatments can significantly increase
strength levels, but ductility levels will be re
du ced, compared with those of the base metal,
because of the large beta grain size and fine alpha
phase distr ibution .

Beta-alloy welded joints have good ductility
but relatively low strength in the as-welded con
dition. They are used most often in this condition
becau se the welded joint can respond differently
to heat treatment than the base metal and have
low ductility after aging. Aging can take place if
the welds are exposed to elevated temperatures
in service.

Weld Solidification

The structure and mechanical propertie s of fu
sion welds in titanium alloys, and the degree to
which they differ from that of the base metal, are
influenced by metallurgical phenomena which
occur during weld solidification and in the solid
state during continuous-cooling from peak tem
peratures or during postweld heat treatment,
From the standpoint of weld solidification, four
characteristics of significance are:

The morphology of the beta grain solidifica
tion structure
Macrosegregation
Microsegregation
Solidification defect formation

During the past decade, munerous investigations
have been performed to more thoroughly und er-
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Fig.2 Light (a) and scanning electron (b) micrographs show ing mart ensitically-transformed transverse-solut e bands (small arrows) in d is
simi lar alloy gas-tungsten arc w eld betw een Ti-6AI -4V and Ti-15V-3AI -3Cr-3Sn sheets. Large arrow in (a) indicates fusion line.

stand and in certain cases control these charac
teristics in order to optimize weld integrity and
mechanical properties .

Beta Grain Structure. Fusion welds in titanium
alloys are generally characterized by coarse, co
lumnar-shaped beta grains in the fusion zone
(FZ) as shown in Fig. 1 for a laser-beam weld.The
FZ beta grains nucleate epit axially from coars
ened beta grains in the weld HAZ and grow
competitively into the weld pool. The FZ beta
grain structure is dependent on several factors,
including: (1) the weld thermal cycle as it influ 
ences the size of the nucleating beta grains in the
near-HAZ and the cooling rate during FZ solidi
fication and (2) the shape of the weld pool due to
its influence on the competitive beta grain
growth process. In most titanium welding appli
cations, beta grain size is determined principally
by the weld energy input, with a higher energy
input promoting a coarser grain size . The beta
grain size may be reduced somewhat by altering
the welding parameters or using alternate weld
ing processes which provide a lower net energy
input (e.g., laser- or electron-beam welding) (Ref
6). However, the potential for reducing the beta
grain size by producing a weldment with an in
creased number of smaller (i.e., lower energy in
put) pa sses is generally not effective due to the
successive epitaxial nucleation of beta grains as
each weld layer is deposited, resulting in the for
mation of vertically oriented columnar beta
grains. This effect was clearly demonstrated by
Misra et al. (Ref 7) for multipass GTA welds in
Ti-6AI-4V. It is also important to note that the
higher cooling rates associated with a reduced
energy input can promote the formation of a brit
tle martensitic transformed-beta microstructure.

Based on the strong desire to provide a refined
beta grain size while avoiding rapid cooling ra tes
and undesirable martensitic micro structures, nu
merous attempts have been made over the years
to refine the FZ grain size using traditional grain
refinement techniques (e.g., ultrasonic and me
chanical vibration, convective cooling, electro
magnetic stirring). The success of these initia l
studies was generally variable and limited, Dur
ing the past decade, efforts have continued into
the grain refinement of titanium alloy we lds. This
work has involved principally the application of
electromagnetic stirring (EMS) and inoculation
of the molten weld pool, or a combination of
these two techniques (Ref 4).

Solidification Segregation Effects. Both
macrosegregation (which extends over distances
of several beta grain diameters) and microsegre
gation (which occur s on an inter-cellular or inter
dendritic scale) can occur during the solidifica
tion of titanium-alloy arc we ldments . However,
the degradation of weld integrity, structure or
properties due to such compositional segregation
is generally not significant in titanium alloys due
to the limited extent of segregation of common
alloying elements and the appreciable diffusional
homogenization of alloying elements during
weld cooling through the beta phase field . This
significant effect of alloying element homogeni
zation on cooling through the beta phase field
has been recently demonstra ted for GTA welds
in Ti-6AI-4V (Ref 8).

In some instances, however, macro- and micro
segregation in titanium alloy welds may be suffi
cient to influence the weld structure and proper
ties. This is illustrated in Fig. 2 for an autogenous
GTA weld produced between Ti-6AI-4V and Ti
15V-3AI-3Sn-3Crsheets.Transverse solute bands
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Thoroughly degreasing the joint prior to
welding
Providing sufficient inert gas shielding to the
torch, trailing shoe, and back side of the joint
Using shielding gas with a sufficiently low
dew point

some steels, and concluded that solidification
cracking must be considered when designing
joints in Ti-6Al-4Vstructural components. How
ever, this observation generally conflicts with the
well-known excellent cracking resistance of this
alloy, and suggests that their test imposed an
excessive strain condition not representative of
that experienced during conventional arc weld
ing.

Due to an absence of second-phase dispersoids
or precipitate particles, or impurities at grain
boundaries, conventional titanium alloys are also
generally very resistant to HAZ or weld metal
liquation cracking. However, welding trials on
selected rare earth dispersion-strengthened tita
nium alloys have indicated that the liquation of
these particles in the weld HAZ can occur, with
this liquid subsequently wetting adjacent beta
grain boundaries. Although cracking along these
boundaries has not been observed, it may be ex
pected in the arc welding of these alloys under
conditions of high weld restraint.

Contamination Cracking. When titanium is
exposed to air, moisture, or hydrocarbons at tem
peratures exceeding 500°C (930OF), it will readily
pick up oxygen, nitrogen, carbon, and hydrogen.
These small atoms of the interstitial elements will
enter the crystal lattice in monatomic form and
will migrate to interstitial sites (sites located be
tween titanium atoms). The presence of these
interstitial elements serves to inhibit plastic de
formation and increase strength, but with a sub
stantialloss in ductility. If contamination levels
exceed a certain amount, cracking may ensue
from the stresses generated during welding. Lev
els of oxygen on the order of 3000 ppm in the
weld have been known to result in transverse
cracking (Ref13).The alpha phase is particularly
susceptible to contamination cracking because
the hexagonal crystal lattice of alpha-titanium is
distorted by the presence of interstitial atoms.

Contamination cracking can be avoided by
minimizing exposure of the molten weld pool
and the heated weld region to interstitial ele
ments. This practice is accomplished by:

When titanium is oxidized, it assumes different
colors depending on alloy content and the degree
of oxidation. These colors range from silver to
straw, to blue, to white (severe oxidation). While
the presence of a blue or white oxide serves as a
good indicator that unacceptable contamination

Cp·50 J

TI-3AI·2.5V

~~

- ........,1\ ~AI

A
~\-VTI·6AI·4V

I~'J'/
:-- TI·6211

80

>i!
°iiie 60
III
.S
l:
0

tl
'" 40'tl
OJ

C[

20

0
800 1000 1200 1400 1600

Break temperature, K

Fig. 3 Ductility versus temperature for five titanium alloys with
varying aluminum contents. Shaded areas indicate ex

cessive data scatter. Source: Ref15

Break temperature, OF
800 1200 1600 2000 2400

100

in the weld fusion zone, which were depleted in
the beta-stabilizing elements vanadium and
chromium, transformed to martensite while the
surrounding, more strongly beta-stabilized re
gions were retained as beta during weld cooling
(Ref9).

Evidence of microsegregation effects have be
come significant in the joining of advanced, ele
vated-temperature titanium alloys which contain
rare-earth elements for dispersoid strengthening
(Ref 10). The segregation of yttrium to dendrite
interstices during weld solidification promotes
the nucleation and growth of yttrium-enriched
dispersoids in these regions both during the final
stages of solidification and possibly in the solid
state during cooling. Similar segregation of yt
trium and dispersoid formation would be ex
pected in GTA welds, but with a coarser grain
and dispersoid size.

Solidification Cracking. Relative to many
other structural alloys, such as aluminum alloys
and many austenitic stainless steels, titanium al
loys are generally not considered susceptible to
fusion zone solidification cracking. Studies have
demonstrated, however, that under severe condi
tions of restraint, solidification cracking along
columnar beta grain boundaries can occur (Ref
11).

Work by Prokhorov et al. (Ref 12) has further
evaluated the solidification cracking of Ti-6AI-4V
using a weldability test in which a gas-tungsten
arc weld is strained during the welding opera
tion. They reported the formation of solidifica
tion cracks oriented along the welding direction
and a quantitative susceptibility comparable to



has occurred, its absence is no guarantee that the
weld is interstitial free.

Hydrogen Embrittlement. While hydrogen
can playa role in contamination cracking as dis
cussed above, it can also lead to a more insidious
type of defect known as hydrogen embrittlement,
or hydrogen delayed cracking. Because the hy
drogen embrittlement sequence requires diffu
sion of hydrogen, the rate of crack advancement
depends on time and temperature. Hours, days,
or months may pass following welding before
Significant cracking is observed. This problem
can be avoided by minimizing exposure of the
weld to hydrogen (hydrocarbons and moisture).
Hydrogen concentrations on the order of 200
ppm are known to cause cracking problems (Ref
14), although the combined presence of other in
terstitials (for example, oxygen or nitrogen) may
lower this tolerance limit. The inert shielding gas
should have a dew point of atleast -50°C (-60 OF)
(34 ppm H20). Welding-grade argon or helium
gas (grade 4.5 with 50 ppm impurities) may not
always satisfy this requirement. Also, the use of
postweld heat treatment is beneficial because it
relieves residual stress, thus reducing the driving
force for crack advancement.

Subsolidus Cracking. Certain alloy composi
tions and microstructures have been found to be
susceptible to a severe ductility loss (ductility
dip) in a temperature range from about 750to 850
°C (1380 to 1560 OF) on cooling from tempera
tures above the beta transus. In particular, alpha
beta alloys that contain niobium rather than va
nadium as a beta-stabilizing element are more
susceptible to this form of cracking. Microstruc
tures having alpha films at prior-beta grain
boundaries, with coarse Widmanstatten alpha
colonies, are also more prone to subsolidus crack
ing.

Lewis et al. (Ref 15) utilized a Gleeble system
and a typical gas-tungsten arc weld thermal cycle
to evaluate the sensitivity of several near-alpha
and alpha-beta titanium alloys to this phenome
non. The results of their analysis indicate that
Ti-6211 (Ti-6AI-2Nb-lTa-Q.8Mo) exhibits the
largest ductility dip and will be the most likely to
crack during weld cool down, provided that the
welding stresses are high enough (Fig.3). Ductil
ity dip cracks are intergranular, but show signs of
microplasticity (ductile dimples) when examined
at high magnification. They are believed to occur
due to volumetric differences as a result of the
beta-to-alpha transformation.

Considerable additional work has been per
formed in order to understand the origin of duc
tility-dip weld cracking in titanium alloys (Ref
16-20).It is important to note, however, that dif
ficulties with the occurrence of such defects in
actual welds have not been reported in the litera
ture, and therefore the potential for their forma-
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tion is quite limited and maybe encountered only
under conditions of extreme restraint and for cer
tain cooling rates.

Weld metal porosity originates at the trailing
edge of the weld pool, where interstitial elements
(oxygen or hydrogen) are partitioned between
dendrites during solidification (Fig.4). Partition
ing occurs because of the large drop in oxygen (or
hydrogen) solubility when transforming from
liquid to solid.

As the concentration of monatomic oxygen (or
hydrogen) in the interdendritic liquid reaches a
critical concentration, micropores (-111m diam)
of diatomic gas are nucleated. In order to nucle
ate, these micropores must overcome atmos
pheric pressure, liquid head pressure, and liq
uid/gas surface tension (Ref21).Once nucleated,
these micropores will either become entrapped
interdendritically or will coalesce into larger
pores (up to 3 rom, or 0.12 in., diam). These
macropores will either become enveloped by the
advancing solid/liquid interface or they will
work their way to the weld pool surface and
escape under buoyancy forces.

Avoiding porosity requires that the molten
weld pool be protected from exposure to oxygen
or hydrogen during welding. This means that the
joint must be thoroughly degreased prior to
welding and that adequate inert gas shielding
with a low dew point must be provided. Porosity
can occur at lower impurity levels than is re
quired for contamination cracking, although the
existence of porosity implies the possibility of
contamination or hydrogen cracking. Porosity is
also affected by process parameters and welding
position. Welding at slow travel speeds favors
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Table 2 Recommended stress-relieftreatments for titanium and titanium alloys
Parts can be cooled from stress relief by either air cooling or slow cooling.

Temperature
Alloy -c of Time,h

Commericallypure titanium (all grades) 480-595 900-1100 Y4-4

a or near-a titanium alloys

Ti-5Al-2.5Sn 540-650 1000-1200 Y4-4
Ti-8Al-1Mo-1V 595-705 1100-1300 Y4-4
Ti-2.5Cu (IMl230) 40Q-600 750-1110 0.5-24
Ti-6Al-2Sn-4Zr-2Mo 595-705 1100-1300 Y4-4
Ti-6Al-5Zr-0.5Mo-O.2Si (IMl685) 530-570 980-1050 24-48
Ti-5.5Al-3.5Sn-3Zr-1Nb-0.3Mo-0.3Si (IMI 829) 610-640 1130-1190 1-3
Ti-5.8Al-4Sn-3.5Zr-0.7Nb-0.5Mo-0.3Si (IMI 834) 625-750 1160-1380 1-3
Ti-6Al-2Cb-lTa-o.8Mo 595-650 1100-1200 Y4-2
Ti-o.3Mo-Q.8Ni (Ti Code 12) 480-595 900-1100 Y4-4

a-Jl titanium alloys

Ti-6Al-4V 480-650 900-1200 1-4
Ti-6Al-7Nb (IMl367) 50Q-600 930-1110 1-4
Ti-6Al-6V-2Sn (Cu + Fe) 480-650 900-1200 1-4
Ti-3Al-2.5V 540-650 1000-1200 Yz-2
Ti-6Al-2Sn-4Zr-6Mo 595-705 1100-1300 Y4-4
Ti-4Al-4Mo-2Sn-0.5Si (IMI 550) 600-700 1110-1290 2-4
Ti-4Al-4Mo-4Sn-O.5Si (IMI 551) 600-700 1110-1290 2-4
Ti-5Al-2Sn-4Mo-2Zr-4Cr (Ti-l7) 480-650 900-1200 1-4
Ti-7Al-4Mo 480-705 900-1300 1--8
Ti-6Al-2Sn-2Zr-2Mo-2Cr-0.25Si 480-650 900-1200 1-4
Ti-8Mn 480-595 900-1100 Y4-2

Jl or near-B titanium alloys

Ti-13V-11Cr-3Al 705-730 1300-1350 l/h-Y4
Ti-11.5Mo-6Zr-4.5Sn (Beta ill) 720-730 1325-1350 Y12-Y4
Ti-3Al-8V-6Cr-4Zr-4Mo (Beta C) 705-760 1300-1400 Y6-tn
Ti-lOV-2Fe-3Al 675-705 1250-1300 Yz-2
Ti-15V-3Al-3Cr-3Sn 790--815 1450-1500 1/12-%

the escape of gas pores, as does welding in the flat
or vertical-up position.

Postweld Heat Treatment

Titanium alloy weldments are postweld heat
treated for:

Reliefof residual stresses imparted during the
welding operation
Modification of the metastable weld zone mi
crostructure
Completion of the second step in a two-step
base metal heat treatment
Stabilization of the microstructure for weld
structure applications at elevated tempera
tures

Numerous investigators have studied the in
fluence of postweld heat treatment on the struc
ture and properties of titanium alloy welds (Ref
22-27). The structures commonly encountered
include: alpha and hexagonal martensite in near
alpha and linear alpha-beta alloys, alpha and or-

thorhombic martensite in heavily beta-stabilized
alpha-beta alloys, and retained beta in metas
table-beta alloys.

Alpha and Alpha-Beta Alloys. Heat treatment
of rapidly cooled welds in near-alpha and alpha
beta alloys at relatively low temperatures (be
tween about 450 and 600 °C, or 840 and 1110 OF),
which are commonly employed for stress relief,
age the martensitic structure and can further in
crease its strength and decrease its ductility and
toughness. At higher postweld heat treatment
temperatures, which are limited to about 760 °C
(1400 OF) for large fabricated structures, temper
ing of the martensite and subsequent coarsening
of the resultant alpha phase promote softening of
the fusion zone with concurrent increases in duc
tility and toughness. Microstructures comprised
of Widmanstatten alpha plus retained beta,
which are produced at slower weld cooling rates,
are influenced to a lesser extent by postweld heat
treatment at these low-to-moderate tempera
tures. However, welds exhibiting these micro
structures are still normally postweld treated to
relieve residual stresses.
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Table 3 Fusionzone tensile properties of gas-tungstenarc-welded titanium alloys

Yield Ultimate
strength tenslle strength

Alloy Condition(a) MPa ksi MPa ksi Elongation, %

Ti-6Al-2Sn-4Zr-2Mo-Q.1Si Base metal (annealed) 915 133 1020 148 13
As-welded 1050 152 1185 172 3
PWlIT: 595°C (1100°F)/6 h AC 1104 160 1254 182 2
PWlIT: 705°C (1300°F)/6 h AC 1116 162 1171 170 2
PWlIT: 900°C (16500F)/~hAC 930 135 1020 148 6

+ 650°C (1200°F)/6 hAC
CORONA5 Base metal (annealed) 1048 152 1158 168 16

As-welded 1262 183 1268 184 1
PWlIT: 650°C (1250°F)/4hAC 1179 171 1220 177 1-2
PWHT: 705°C (1300°F)/4 h AC 1144 166 1165 179 2-3
PWHT: 775°C (14250F)/~ h AC 1048 152 1082 157 5

+ 650°C (1200°F)/4hAC
PWlIT: 725°C (1695°F)/Y2hAC 1027 149 1055 153 7

+ 650°C (1200°F)/4hAC
Ti-15V-3Cr-3Al-3Sn Base metal (solution annealed) 730 106 760 110 24

As-welded 725 105 750 109 20
PWlIT: 565 °C (10500F)/ 4 h AC 1007 146 1063 154 8
PWlIT: 620°C (11500F)/ 4h AC 896 130 985 143 9
PWlIT: 675°C (1250°F)/4h AC 794 115 854 124 18

Weld cooling rate, -100 °C/s (180 OFIs). (a) PWlIT, postweld heat treatment; AC, air cooled. Source: Ref 4

Metastable Beta Alloys. In contrast to near-al
pha and alpha-beta alloys, metastable-beta alloys
can undergo appreciable structural changes at
the lower temperatures. In the as-welded condi
tion, the alloy exhibits a retained beta microstruc
ture that contains athermal omega, an extremely
fine phase that is unresolvable with light micros
copy. On aging isothermally at 480°C (900 OF),
extremely fine alpha forms intergranularly and
in a continuous manner at beta grain boundaries.
As the heat treatment temperature is increased to
565°C (1050 OF) and to 650 °C (1200 OF), both
alpha structures coarsen appreciably. From a
practical standpoint, the postweld heat treatment
of welded structures is difficult and expensive
because inert shielding is required at tempera
tures above about 500°C (930 OF). Additionally,
the loss of strength at temperatures approaching
the beta transus limits the capability to maintain
weld tolerances unless complex fixturing is em
ployed.

Table 2 lists the temperature ranges used for
stress-relieving titanium alloy weldments. Post
weld heat treatments that employ high tempera
tures (exceeding 800°C, or 1470 OF) with water
quenching followed by an aging treatment be
tween 350 to 500°C (660to 930 OF) have also been
developed for near-alpha and alpha-beta alloys
(Ref 28). Tensile properties of postweld heat
treated titanium weldments are given in Table 3.

Titanium Weldment Properties

Weld solidification, cooling rate, and postweld
heat treatment significantly influence weldment

mechanical properties of titanium alloy welds. In
the welding of thin sheet materials for aerospace
applications, the principal properties of interest
are room- and elevated-temperature tensile
properties and S-N fatigue characteristics. For
welds produced in plate materials for either aero
space or marine applications, fracture toughness
and fatigue-crack growth rate properties also be
come important.

Tensile Properties

Figure 5 plots the longitudinal tensile proper
ties for weldments of various titanium alloys.
With several different alloys in the plot, the major
variations in tensile strength and ductility are
essentially base-metal effects.

The difference between weld properties and
base-metal properties depends on the product
form, condition, and microstructure of the base
metal. For example, in annealed near-alpha and
alpha-beta alloys, the fine alpha or alpha-prime
martensite structures produced in the weld fu
sion zone and near-HAZ regions exhibit hard
nesses and strengths above that of the affected
base metal. Therefore, in all but extremely slowly
cooled manual arc welds, transverse weld fail
ures consequently occur in the base metal.

However, weldments in alpha-beta titanium
alloys are characterized by low fusion-zone duc
tility that is usually attributed to large prior-beta
grain size and an acicular martensitic microstruc
ture. While the "standard" alloy Ti-6AI-4V exhib
its a slightly better performance than other high
strength alloys, the tensile elongation even in
Ti-6AI-4V welds is much poorer than in the base
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material. The ductility of the weld zone as meas
ured by longitudinal-weld-oriented bend or all
weld-metal tensile tests may also be unaccept
ably low, particularly in rapidly cooled arc welds
in the more heavily beta-stabilized alloys (for
example, Ti-6Al-6V-2Sn, CORONA 5, and Ti
6AI-2Sn-4Zr-6Mo), which contain hard martensi
tic microstructures within a coarse prior-beta
grain macrostructure.

The poor as-welded ductility of Ti-6Al-4V and
other alpha-beta alloys cannot be improved by
controlling weld heat input alone; a lower energy
input reduces beta grain size, but also increases
the cooling rate and promotes a more needle-like
martensitic structure. It is therefore necessary to
resort to a post-weld heat treatment to impart
sufficient ductility to the fusion zone (Ref29).

A stress-relieving and stabilizing treatment at
about 600°C (1110 "P) is commonly used for
Ti-6Al-4V weldments (Ref30).For the majority of
welded aerospace structural components, a
maximum post-weld heat treatment temperature
of 760°C (1400 OF) has been indicated (Ref 31).
Nevertheless, it has generally been found that
thermal treatments at still higher temperatures
close to but below the beta-transus are required
before significant improvements in ductility can
be realized.

An elaborate three-step heat treatment at 732,
927, and 732°C has been suggested for the alloy
Ti-6Al-6V-2Sn (Ref32) and successfully tried for
Ti-6Al-4V (Ref 33). However it has been sub
sequently demonstrated (Ref 34) that a single
cycle heat treatment, which employs only the
high-temperature portion of the triplex treat
ment, is equally effective in modifying micro
structure and restoring ductility.

longitudinal weldment tensile data for commercial tita
nium alloys. Source: Ref2

Solution Treated and Aged Alloys. Fusion
welds produced on near-alpha and alpha-beta
base metals that have been solution heat treated
and aged to high strength may exhibit weld
zones exhibiting strengths below that of the base
metal; consequently, transverse tensile fracture
would occur preferentially in these regions. For
example, the strength and ductility of weldments
produced in Ti-6Al-4V that has been solution
heat treated and aged to high strength levels are
highly dependent on the weld zone structure.
The completely martensitic microstructures ex
hibited in electron-beam and laser-beam welds
having high depth-to-width ratios are suffi
ciently strong to promote base-metal fracture in
the solution heat treated and aged base metal.
However, the softer Widmanstatten plus re
tained-beta microstructures exhibited by the
more slowly cooled gas-tungsten arc and plasma
arc welds may promote preferential fracture in
the weld zone at low macroscopic elongation.

Beta Titanium Alloys. As expected, the tensile
properties of weldments in metastable-beta tita
nium alloys differ considerably from those of
near-alpha and alpha-beta alloys. If fusion welds
are produced in solution-annealed base material,
joints commonly fracture in the base metal be
cause of a slightly higher strength in the weld
metal due to oxygen pickup or the initiation of
second-phase precipitation if cooling rates are
sufficiently slow. Following postweld heat treat
ment, the presence of a coarse beta grain struc
ture in the fusion zone combined with the forma
tion of alpha preferentially along these grain
boundaries (in addition to precipitation homoge
neously within the beta grains) can promote frac
ture in the fusion zone at lower ductilities. As
shown in Table 3 for the metastable-beta titanium
alloy Ti-15V-3AI-3Sn-3Cr, postweld heat treat
ment significantly increases the fusion zone
strength versus the as-welded condition. As indi
cated, this strength is maximum for low aging
temperatures and decreases with an increase in
aging temperature.

Fracture Mechanic Properties

The fracture toughness of suitably heat-treated
titanium alloy weldments is generally equivalent
or superior to that of the alpha-beta processed
base material. The good fracture toughness of the
fine Widmanstatten plus grain-boundary alpha
microstructure in the weld fusion zone and HAZ
is consistent with the good toughness of micro
structurally similar beta-processed titanium al
loy microstructures. However, in all types of tita
nium alloys, microstructures in the fusion zone
and in the heat-affected zone can be completely
different from that in the base metal. Grain coars
ening can occur in commercial purity (CP) Ti,
near-alpha, alpha-beta, near-beta, and metas-
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Fig. ,6 Fatiguecrack growth in laserbeam weldmentsof Ti-6AI-4V both withoutand with a postweldstressrelieftreatmentof 4.5 h at
625°C (1160 OF). (a)Fatigue crack growthparallelto weld. (b)Fatigue crack growthperpendicularto weld. Thesedata suggest

that residual stresses in the weldmentcontributeto lowfatigue crackgrowthratesand/orhighthresholds. Source:ASMHandbook,Vol19,
Fatigue and Fracture, p 851

table beta alloys. In near-alpha and alpha-beta
alloys, the temperature excursion above the beta
transus results in lamellar microstructures. In
metastable beta alloys, alpha precipitates can
form, coarsen, or be dissolved, depending on the
local time-temperature cycle. Owing to the reac
tivity of titanium with oxygen, great care mustbe
taken to prevent oxygen take-up during welding,
which can influence fatigue crack growth (pCG)
rates as well as other mechanical properties. Fi
nally, the rapid cooling rates from elevated tem
peratures cause residual stresses, which when
superposed on applied stresses can have a great
influence on FCG rates.

In grade 2 CP Ti, closure levels are significantly
higher in weld metal than in the base metal (Ref
35), which is attributed to an increase in grain
size. Experimental determination ofFCG rates in
various weldments of near-alpha and alpha-beta
alloys (Ref 36-39) using C(T) specimens have
shown that FCG in the fusion or heat-affected
zone is always much lower than in the untreated
base metal, whether welding was done by gas
tungsten arc (Ref 36, 39), electron beam (Ref38),
or laser beam (Ref 37). An example is shown in
Fig. 6 for crack orientations parallel and perpen
dicular to the welding direction. While a change
in microstructure from mill-annealed (Ref36) or
duplex (Ref 38) to fine lamellar could qualita
tively rationalize the improved FCG resistance

when FCG is parallel to the weld, FCG in weld
ments is in fact more strongly dependent on re
sidual stresses than on microstructure.

On the one hand, the threshold M( values ob
tained at the low R-ratios of 0 or 0.1 lie between
15 and 20 MPa-fril, which is significantly higher
than the values of 8 to 12 MPa."t}U commonly
observed in these alloys. On the other hand, the
measurement (Ref 39) or elimination of residual
stresses by a postweld heat treatment (Ref37,38),
as well as the testing of FCG in weldments for
cracks normal to the weld (Fig. 6b), unambigu
ously demonstrate the importance of residual
stresses. Independent of orientation, a stress re
lief treatment of 4.5 h at 625°C (1160 OF) caused
FCG rates ill weldments to increase almost to
those of the base metal (Fig. 6). Furthermore, the
retardation in FCG rates found for cracks normal
to the weld (Fig. 6b) cannot be explained solely
by microstructure.

FCG data for the metastable beta alloy Ti-15V
3Cr-3AI-3Sncan be interpreted similarly, in part
because FCG in these alloys is so insensitive to
microstructure. Aging treatments of either 8 h at
480°C (895 OF) or 8 h at 510°C (950 OF) were
performed after gas-tungsten arc welding, result
ing in a factor-of-2 increase in FCG rate at M(

values greater than 20 MPa-fril over the as
welded condition (Ref 40). The FCG behavior of
the postweld heat-treated material is almost
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Source: Ref41

identical to that of conventionally aged material,
suggesting that the lower FCG rates in the as
welded condition could also conceivably be
caused by residual stresses.

A comparison of fatigue-crack propagation
rates between gas-tungsten arc, laser-beam, and
electron-beam welds in Ti-6Al-4V and Ti-lSV
3Al-3Cr-3Sn was made by Pao et al. (Ref 41).
Their results indicated that the average fatigue
crack growth rates through the postweld heat
treated weld zones did not differ appreciably
with the welding process (Fig. 7), although the
scatter bands were narrower for the high-energy
density versus the arc welding processes. For
Ti-6Al-4V, they found the average crack growth
rates to be lower than that in the base metal,
while in Ti-15V-3Al-3Cr-3Sn they found nearly
equivalent base metal and weld metal crack
growth rates (Fig. 7).

S-N Fatigue

Generally, SoN fatigue properties of weld struc
tures in the alpha-beta alloys such as Ti-6Al-4V
and Ti-6Al-6V-2Sn are similar to that of the base
material if the weld zones are free of defects such
as porosity and undercut. Failure in transverse
oriented specimens occurs in the base metal re
mote from the weld zone. This greater resistance
to crack initiation of these composite weld struc
tures relates to the higher strength levels of the
weld regions because the large prior-beta
grain/transformed beta microstructures, which
characterize these regions, generally exhibit re
duced resistance to cyclic crack initiation com-

pared to equiaxed-alpha type base metal struc
tures,

However, even though equivalent weld zone
and base-metal fatigue properties can be ob
tained, lower weld zone axial fatigue properties
are commonly observed in actual practice. This is
particularly true with high-energy-density weld
ing processes (Fig. 8, Ref 42). This behavior is
attributed to the presence of fine porosity, often
unresolvable by radiography, and of other de
fects such as undercuts or underfills in fusion
welds, or lack of bonding regions at the weld
interface in solid-state diffusion or friction welds.
As with tensile properties, the axial fatigue be
havior of welds produced in solution heat treated
and aged base metals depends on both the weld
integrity and the strength of the weld zone.

It should be noted that poor axial fatigue prop
erties also can limit the application of lap joints
produced in titanium using resistance, diffusion,
and ultrasonic welding. In the case of resistance
welds, the mechanical notch at the perimeter of
the weld nugget, the presence of a brittle marten
sitic microstructure, and residual stresses can
promote early fatigue crack initiation and low
fatigue life. However, metallurgical structure
and residual stresses can be modified through
process control.

Welding Process Application

Titanium and its alloys can be welded by a
wide variety of conventional fusion and solid
state processes, although titanium's chemical re
activity typically requires special procedures and
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precautions. In the United States, fusion welding
of titanium is performed principally by inert gas
shielded arc welding and high-energy-beam
welding processes. To date, the commercial join
ing of titanium alloys using flux-based processes
(for example, submerged arc welding, flux-cored
arc welding, and electroslag welding) has not
been shown to be competitive due to require
ments for costly high-purity fluoride-based
fluxes. However, recent studies on submerged
arc welding of 25 mm (1 in.) thick titanium alloy
plate indicate that it is possible to weld heavy
sections using a flux composed of 85% calcium
fluoride, 10%strontium chloride, and 3%lithium
chloride (Ref 43). Tensile and corrosion proper
ties of the weld were equal to that of the base
plate material; however, the coarser weld grain
structure did not provide adequate toughness.

Gas-tungsten arc welding (GTAW), in which
the heat of welding is provided by an arc main
tained between a nonconsumable tungsten elec
trode and the workpiece, is the most widely used
process for joining titanium sheet. In general,
gas-tungsten arc welds can be produced manu
ally (in complex joint geometries or for weld re
pair) and automatically in sheet up to about 3
mm (0.125in.) in thickness without joint prepara
tion or filler metal additions. For welding of
greater thicknesses, suitable joint preparation
and the cold or hot-wire addition of a filler metal
are required. Although conventional GTAW
equipment can be used for welding of titanium
alloys, the heated metal in the weld zone must be
shielded from the atmosphere to prevent pickup
of oxygen and nitrogen, which can be deleterious
to weld mechanical properties. Such protection is
best provided by welding within a rigid or col-

lapsible plastic chamber that has been evacuated
and purged with argon, although local shielding
is also suitable for many welding operations.

Gas-metal arc welding (GMAW), in which the
heat of welding is provided by an arc maintained
between a consumable electrode and the work
piece, is more cost-effective than GTAW for the
welding of titanium plate over 13 mm (0.5in.) in
thickness. However, the application of GMAW to
titanium has been restricted by poor arc stability,
which promotes appreciable spatter during
welding, thereby reducing weld quality and
overall process efficiency.

Plasma arc welding (PAW) is an extension of
the GTAW process in which the arc plasma is
constricted by a nozzle, thereby increasing its
temperature and energy density as compared
with the more diffuse GTAW arc. This higher
energy density provides greater penetration ca
pabilities, allowing the production of full-pene
tration, keyhole square-butt welds in thicknesses
up to 13 mm (0.5 in.),

Electron-beam welding (EBW) involves melt
ing of the base metals to be joinedby the impinge
ment of a focused beam of high-energy electrons.
This process has been widely used in the aero
space industry for producing high-quality welds
in titanium plate ranging from 6 to more than 75
mm (0.25to more than 3 in.) in thickness. Advan
tages of EBW welding include high depth-of
penetration, minimum joint preparation, a nar
row weld HAZ, low distortion, and excellent
weld cleanliness as welding is performed in a
high vacuum. Disadvantages of the EBWprocess
include high capital equipment cost and high
weld cooling rates, the latter of which promote
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Table 4 Typical mechanical properties of laser-beam-welded titanium alloys

Material

Ultimate
tensile strength

MPa ksl
0.2% proofstre••

MPa ksi Elongation, %

Ti-6Al-4V
As-welded
Base material

Commercially pure titanium
As-welded
Base material

Source: Ref44

-860-923
895-1004

-530-573
>494

-125-134
130-146

-77-83
>72

-800-860
834-895

-460-503
>416

-116-125
121-130

-67-73
>60

11-14
10-15

-27
27-28

formation of undesirable martensite in the weld
zone.

Laser-Beam Welding (LBW). During the past
decade, LBW has become increasingly competi
tive as a joining process for titanium sheet and
thin plate. In LBW, melting of the workpieces is
produced by the impingement of a high-inten
sity, coherent beam of light. Because the laser
beam can be readily transmitted through air, the
LBW process offers significant practical advan
tages over conventional EBW, which requires
welding in a high vacuum. However, the LBW
process is more limited than EBWfrom the stand
point of joining thick titanium plate, with 15 kW
required to produce a full-penetration weld in 13
mm (0.5in.) thick Ti-6AI-4V. As expected, consid
ering similarities in the heat sources, the metal
lurgical and mechanical properties of laser-beam
and electron-beam welds are quite similar. Weld
properties of laser-beam welded Ti-6AI-4V are
given in Table 4 (Ref44).

Resistance welding is a process in which heat
is produced by resistance to the flow of high
electrical currents (5 to 10kA) across the interface
between two contacting surfaces. At sufficiently
high current levels, melting is induced at the in
terface and a weld fusion zone (i.e.,weld nugget)
is created. At lower current levels, welding of the
faying surfaces occurs entirely by a solid-state
deformation of diffusion welding mechanism.
Resistance welding is most commonly used to
join sheet and can produce either discrete, indi
vidual spot welds or continuous, overlapping
seam welds. The resistance welding parameters
employed for titanium are generally comparable
to those used for austenitic stainless steels, due to
similarities in thermal conductivity between the
two materials. As expected, the production of
high-quality resistance welds requires careful
cleaning of the sheet surfaces prior to welding.
However, the rapid thermal cyclesemployed and
the self-contained nature of the weld zone gener
ally preclude the necessity for inert-gas shielding
during welding.

Diffusion welding is a solid-state joining proc
ess that is finding increased application for the

fabrication of complex titanium alloy compo
nents. Diffusion welding (or bonding) of tita
nium involves four basic steps: (1) development
of intimate physical contact between the faying
surfaces through deformation of asperity peaks
(surface roughness) by yielding and creep at low
pressures and high temperatures, (2) formation
of a metallic bond, (3) diffusion across the faying
surface, and (4) grain growth across the original
weld interface. Prerequisites for accomplishing
these steps include a clean and smooth surface
combined with a low applied pressure to pro
mote steps 1 and 2, and moderate-to-high tem
peratures to promote steps 3 and 4. Titanium
alloys are ideal for diffusion welding because
titanium exhibits a high solubility for oxygen,
which promotes dissolution of surface oxides at
elevated temperatures. In addition, the yield and
creep strengths of titanium are low at welding
temperatures, thereby enhancing stages 1 and 2
of the diffusion welding process. Diffusion weld
ing of Ti-6Al-4V is generally performed at tem
peratures ranging from about 900 to 950°C (1650
to 1740 OF), at pressures ranging from 1.3 to 13.8
MPa (200to 2000psi), and for times ranging from
about 1 to 6 h. In combination with superplastic
forming, diffusion welding has been utilized to
produce a wide variety of complex Ti-6Al-4V
shapes, such as honeycomb panels for aerospace
applications.

Other Weld Processes. A wide variety of more
specialized welding processes have been used to
join titanium, including flash-butt welding, con
tinuous-drive and inertia friction welding, ultra
sonic welding, and explosive welding. In general,
these processes have been effective, producing
defect-free joints with properties that depend
principally on the cooling rates from high tem
peratures and the characteristics of the resulting
transformed-beta microstructure.

Special Welding Precautions and Require
ments. Production of high-quality welds in tita
nium and titanium alloys requires meticulous
preweld cleaning of the workpiece and consu
mables and adequate gas shielding to prevent
atmospheric contamination. Mill-annealed tita-



nium sheet and plate are generally supplied in a
condition that requires only the removal of sur
face grease, oil, and dirt. Such cleaning is nor
mally accomplished by wiping with or dipping
in a nonchlorinated solvent such as acetone or
methyl-ethyl-ketone (MEK). Materials that ex
hibit a light oxide scale as a result of heat treat
ment below about 600°C (1110OF) or that contain
entrapped oil from machining operations should
be pickled for 5 to 10 min in a solution of 30 to
40% nitric acid and 4 to 5% hydrofluoric acid in
water at a temperature between 20 and 70°C (68
and 160 OF). Heavier oxide scales resulting from
high-temperature heat treatment or ther
momechanical processing may require cleaning
in a molten salt bath or mechanical removal, fol
lowed by pickling. Pickled pieces should be
rinsed in water, dried, and either directly welded
or wrapped in clean plastic. All handling should
be performed with clean white gloves. Weld con
tamination can also result from filler metal that
has become dirty due to inadequate storage or
careless handling prior to or during the welding
operation. Degreasing the filler rod or wire is
generally sufficient to eliminate contamination
problems originating from these sources.

Effective shielding of the weld zone from the
atmosphere during welding is extremely impor
tant in ensuring maximum weld ductility and
toughness and in reducing the potential for solid
state weld cracking. Optimum shielding condi
tions are provided by welding within a perma
nent or collapsible clear plastic enclosure that has
been evacuated and purged with argon (dew
point, -24°C, or -11 OF). Alternatively, localized
trailing and backing shields can be used, particu
larly for automatic welding of simple joint ge
ometries (for example, automatic butt welding of
sheet). Use of localized shielding for manual
welding of complex parts, although feasible, re
quires specially designed shielding fixtures and
generally is not recommended. Fortunately, evi
dence of titanium weld contamination is readily
apparent by discoloration of the weld surface,
with a change from bright silver to straw, to
magenta, to blue, with a gradual increase in the
level of contamination. Severe contamination is
associated with a white or gray powdery-appear
ing weld surface, and is often accompanied by
solid-state cracking in the weld metal. In many
high-performance applications, a bright silver
color is required, although a light straw color
may be accepted in less-critical applications.

Because titanium alloy welds are commonly
used in fatigue-critical applications, a stress relief
operation is generally required following weld
ing. Specific stress-relief temperatures and times
depend on the base-metal microstructure (Table
2). In order to prevent property degradation,
stress relieving should be performed on compo-
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Table5 Weldment color and conditions

Approximate
mnditionmlor

Silver Bright like a new dime. Usually indicates
correct shielding and sound, non
contaminated weld.

Straw Pale yellow to golden. Acceptable welds of
lessened ductility.

Blue/purple Low ductility, unsuited to stressed
application.

Gray/powdery Not acceptable.

nents free of surface contamination and in an
inert or vacuum environment.

Weld Design Criteria and Limitations. De
signers of titanium welded structures must con
sider both welding process applicability and the
physical characteristics and mechanical proper
ties of the welds. From a welding process stand
point, an efficient design will utilize a welding
process optimally suited to a particular material
thickness and joint configuration. Such process
suitability is also based on component size and
shape (for example, whether the component will
fit in an available EBW chamber, or whether the
entire part can be suitably protected from the
atmosphere during GTAW or PAW), the cost of
producing the weld (including both capital
equipment and operating costs), and postweld
processing requirements.

The design of titanium welded structures is
also influenced by the characteristics and me
chanical properties of a joint produced by a par
ticular welding process. Physical characteristics
of the weld, including undercut or underfill in
fusion welds, upset in solid-state welds, and
weld distortion are important considerations, be
cause these characteristics affect not only the
physical dimensions of the component but also
joint mechanical properties. Obviously, the me
chanical properties of the joint, as influenced by
the integrity and metallurgical structure of the
weld zone, are the principal considerations in
weld design. As indicated above, low fusion zone
ductility and toughness in rapidly cooled welds,
and poor axial fatigue behavior in welds contain
ing defects, are important characteristics of welds
that may influence the design of the welded com
ponent.

Welding Specifications. The American Weld
ing Society has published two specifications re
lated to welding of titanium, AWS Specification
5.16, "Specification for Titanium and Titanium
Alloy Bare Welding Rods and Electrodes," pro
vides requirements for titanium and titanium-al
loy welding rods for use with GTAW and
GMAW processes. Although the basic specifica
tion principally covers filler metal chemical com
position requirements, a rather lengthy appendix
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presents additional general information on weld
ing of titanium, including toughness data for al
pha-beta titanium alloy welds. AWS Specifica
tion D10.6, "Recommended Practices for Gas
Tungsten-Arc Welding of Titanium Pipe and
Tubing," is specific to single-phase alpha alloys.

Filler Metal Selection. The low weld ductility
of most alpha-beta alloys is caused by phase
transformation in the weld zone or in the HAZ.
Alpha-beta alloys can be welded autogenously or
with various filler metals. It is common to weld
some of the lower-alloyed materials with match
ing filler metals. Where strength is not critical
and more toughness is required, unalloyed alpha
titanium filler metals may be used. The use of
filler metals that improve ductility may not pre
vent embrittlement of the HAZ in alpha-beta al
loys that are rich in beta stabilizers. In addition,
low-alloy welds can be embrittled by hydride
precipitation. It should be noted, however, that
with proper joint preparation, filler-metal stor
age, and shielding, hydride precipitation can be
avoided. The service conditions must also be con
sidered, particularly at high temperatures, as hy
drogen can migrate from the base alloy to the
lighter alloyed filler metal.

Sheet thicknesses 2.5 mm (0.100 in.) and thin
ner can be GTAWWithout filler metal additions
by the fused-root welding technique. Filler metal
may be added to repair unfused and sunken
weld-metal area. The lack of a joint line on the
root face of the weld indicates 100%penetration.

Bend tests allow the evaluation of weldment
ductility and the performance of gas shielding.
For some alloys, ductility can be improved by
special filler metals and postweld annealing op
erations.

Visual examination is the only nondestructive
means of evaluating shield performance in main
taining ductility. However, surface appearance
(see Table 5) is only an approximate indicator
and does not always offer a reliable means of
judging weld contamination.
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Chapter 17

Properties of Nickel-Alloy
weta«

NICKEL-BASE ALLOYSare generally used in
harsh environments that demand either corro
sion resistance or high-temperature strength. A
wide variety of nickel-base alloys have been de
veloped for specific environments and combina
tions of corrosion resistance and/or high-tem
perature strength. In general, nickel-base alloys
can be generally categorized as either solid-solu
tion strengthened or precipitation strengthened.
The former category is not appreciably strength
ened by heat treatment and is considered non
heat-treatable, whereas the latter category is typi
cally used in the age-hardened or heat-treated,
condition. It is important to distinguish between
these two classes of alloys when considering
weldability, weld properties, and postweld heat
treatments.

Both the solid-solution and the precipitation
hardening groups of alloys are typically austeni
tic (that is, the atoms of their basic structures fit
together in a face-centered-cubic arrangement,
often referred to as 'Y phase). Most solid-solution
(nonprecipitation-hardening) nonferrous alloys
exhibit sufficient ductility to meet the above re
quirements. The weld fabrication of these materi
als is straightforward in that they usually do not
require preheat or postheat, and interpass tem
perature control during welding normally is not
critical.

The precipitation-hardenable materials distin
guish themselves by exhibiting superior me
chanical properties after being precipitation

treated (aged). These materials are usually
welded in the annealed (or solution-annealed)
condition and are heat treated to precipitate the
second phase as a final or near-final production
step.

General Welding Characteristics

The solid-solution (non-age-hardenable) alloys
are welded in both the annealed and moderately
cold worked condition. No heat treatment is
needed after welding to improve corrosion resis
tance, and generally the alloys do not become
embrittled after long exposure at temperatures
up to about 815°C (1500OF).

Precipitation-hardenable alloys are susceptible
to cracking in the weld metal or in the heat-af
fected zone (HAZ) unless they are properly heat
treated before and after welding. These alloys are
normally welded in the solution-annealed condi
tion. If they are welded in the precipitation-hard
ened condition, a solution anneal is required be
fore returning to high-temperature service.
When solution annealing, a rapid heating rate
should be used to avoid parent metal strain-age
cracking. This usually can be accomplished by
charging into a hot furnace. The alloys containing
niobium and/or tantalum, such as Inconel 718,
have a relatively slow hardening response and
can be welded without undergoing spontaneous
hardening during heating or cooling.

*Adapted from articles inASMHandbook,Volume 6, 1993and Welding Metallurgy of InvestmentCastNickel-Base Su
peralloys by T.J. Kelly in Weldability ofMaterials, ASM International, 1990, p 151-159
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Table 1 Properties of selected nickel-basealloys

Coefficiento£ Room-temperature Electrical
Densi1'

Melting range thermal expansionta), thermal conduetlvity, resistivity,
Alloy g1cm -c OF lO-6/l( W/m·K lO-8 01m

Steels

1020 carbonsteel 7.9 1470-1530 2680-2790 12(a) 46 19
304 stainless steel 8.0 1390-1450 2535-2640 17(a) 16 72

Nickel-base corrosion-resistant alloys

200 8.9 1435-1502 2615-2735 14(a) 75 9
201 8.9 1435-1502 2615-2735 14(a) 79 8
400 8.8 1299-1349 2370-2460 16(a) 22 51
600 8.4 1354-1413 2470-2575 14(a) 15 103
601 8.1 1301-1368 2375-2495 15(a) 11 119
690 8.2 1343-1377 2450-2510 14(a) 12 115
800 7.9 1357-1385 2475-2525 16(a) 12 99
825 8.1 1371-1399 2500-2550 15(a) 11 113

Corrosion-resistant Ni-Mo alloys

Alloy B-2 (UNS 10665) 9.2 1350-1390 2460-2535 10 11 137
Alloy C-22 (UNS N06022) 8.7 1350-1390 2460-2535 12 10 114
Alloy G-30 (UNS N06030) 8.2 1300-1350 2370-2460 13 10 116

Nickel-base superalloys

Astroloy 7.91 13.9(b)
D-979 8.19 1200-1390 2225-2530 14.9(b) 12.6
HastelloyX 8.21 1260-1355 2300-2470 15.1(b) 9.1 1180
HastelloyS 8.76 1335-1380 2435-2515 13.3(b)
Inconel600 8.41 1355-1415 2470-2575 15.1(b) 14.8 1030
Inconel601 8.05 1300-1370 2375-2495 15.3(b) 11.3 1190
Inconel617 8.36 1330-1375 2430-2510 13.9(b) 13.6 1220
Inconel625 8.44 1290-1350 2350-2460 14.0(b) 9.8 1290
Inconel690 8.14 1345-1375 2450-2510 13.3 148
Inconel706 8.08 1335-1370 2435-2500 15.7(b) 12.6
Inconel718 8.22 1260-1335 2300-2435 14.4(b) 11.4 1250
Inconel X750 8.25 1395-1425 2540-2600 14.6(b) 12.0 1220
Haynes 230 8.8 1300-1370 2375-2500 14.0(b) 8.9 1250
M-252 8.25 1315-1370 2400-2500 13.0(b) 11.8
Nimonic80A 8.16 1360-1390 2480-2535 13.9(b) 8.7 1240
Nimonic81 8.06 14.2(b) 10.8 1270
Nimonic90 8.19 1335-1360 2435-2480 13.9(b) 9.8 1180
Nimonic942 8.19 1240-1300 2265-2370 14.7(b)
NimonicPE 11 8.02 1280-1350 2335-2460 15.2(b)
Rene41 8.25 1315-1370 2400-2500 13.5(b) 9.0 1308
Udimet500 8.02 1300-1395 2375-2540 14.0(b) 11.1 1203
Udimet700 7.91 1205-1400 2200-2550 13.9(b) 19.6
Waspaloy 8.19 1330-1355 2425-2475 14.0(b) 10.7 1240

(a) In range from 20 to 260°C (68 to 500 oF). (b) Mean coefficient at 538 °C (1000 OF)

Because of similarities in heat capacity, density,
and other physical properties, the welding char
acteristics of the alloys described in this article
are quite similar to austenitic stainless steels. The
major differences between these alloys and stain
less steel are lower thermal expansion, lower
thermal conductivity, and higher electrical resis
tivity. Generally, solidus temperatures are about
55 °C (100OF) lower than type 304stainless. Table
1 summarizes the comparative physical proper
ties relevant to welding and joining operations.

Welding Processes. Gas-tungsten arc welding
(GTAW), gas-metal arc welding (GMAW), and

shielded metal arc welding (SMAW) processes
are commonly used to join nickel-base corrosion
resistant and heat-resistant alloys. A filler metal
that matches the composition of the base material
is usually recommended. Other processes, such
as plasma arc welding (PAW), resistance spot
welding (RSW),laser-beam welding (LBW), elec
tron-beam welding (EBW), and friction welding,
can be used.

Cleaning of Workpieces. Nickel and nickel al
loys are susceptible to embrittlement by lead,
sulfur, phosphorus, and other low-melting-point
metals and alloys. These materials may be pres-



ent in grease, oil, paint, marking crayons, mark
ing inks, forming lubricants, cutting fluids, shop
dirt, and processing chemicals. Before work
pieces are heated or welded, they must be com
pletely free of foreign material. Both sides of the
workpiece in the area that will be heated by the
welding operations should be cleaned. When no
subsequent heating is involved, the cleaned area
may be restricted to 50 mm (2 in.) on each side of
the joint.

Shop dirt, oil, and grease can be removed by
vapor degreasing or by swabbing with acetone or
another nontoxic solvent. Paint and other materi
als not soluble in degreasing solvents may re
quire the use of methylene chloride, alkaline
cleaners, or special proprietary compounds. If
alkaline cleaners containing sodium carbonate
are used, the cleaners themselves must be re
moved prior to welding; spraying or scrubbing
with hot water is recommended. Marking ink can
usually be removed with alcohol. Processing ma
terial that has become embedded in the work
metal can be removed by grinding, abrasive
blasting, and swabbing with a 10 vol% hydro
chloric acid solution, followed by a thorough
water wash.

Oxide must also be removed from the area
involved in the welding operation, largely be
cause of the difference in melting point between
the oxide and the base metal. Oxides are nor
mally removed by grinding, machining, abrasive
blasting, or pickling.

All of the nickel-base alloys are resistant to
sigma formation (that is, a hard, brittle, non-mag
netic intermetallic intermediate phase with a
tetragonal crystal structure) and to stress-corro
sion cracking. They are austenitic throughout the
range of temperatures in which they are nor
mally used. This metallurgical stability enables
designers to specify these alloys with the confi
dence that exposure to service temperatures will
not cause premature structural damage to the
materials.

Thermal Conductivity. Nickel is quite conduc
tive and copper is extremely conductive. How
ever, the addition of chromium or iron decreases
the thermal conductivity of nickel or nickel-cop
per. Conductivity, whether thermal or electrical,
always decreases when the solvent accepts solute
atoms, as in alloying. The data in Table 1 illus
trate this fact. Note that nickel has a thermal
conductivity value of 75 W/m' K (45Btu/ft· h·
OF) and copper (not shown in Table 2)has a value
of 391 W1m· K (225Btu/ft· h· OF), but alloy 400,
which contains roughly two-thirds nickel and
one-third copper, has a lower thermal conductiv
ity value (22W/m' K, or 13 Btu/ft· h· OF) than
either nickel or copper.

Thermal conductivity plays an important func
tion during welding because it influences heat
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flow and the amount of heat required to melt
material into the weld puddle. A base material
composition with a high level of thermal conduc
tivity will conduct heat away from the fusion
zone and therefore requires slightly more heat
input during welding than would an alloy with
low thermal conductivity, which retains the local
heat of welding for a longer time.

The nickel-base alloys vary considerably in
their thermal conductivity characteristics. The
nickel-chromium and nickel-chromium-iron al
loys have values lower than those of both the
carbon steels and the austenitic stainless steels,
whereas nickel and the nickel-copper alloys have
values considerably higher than those of the
steels.

The electrical resistivity of a material is espe
cially important in the welding process itself, be
cause the melting rate of an electrode or wire is
influenced by the electrical characteristics of the
material (Table 1). Usually, solid-solution alloys
are not very good electrical conductors because
the solute and solvent atoms are of different
sizes, which distorts the crystal lattice structure
of the material and impedes the passage of elec
trons. The alloys that are composed primarily of
one element, such as 1020 steel and nickel-base
alloys 200 and 201, have the lowest electrical re
sistivity values of the alloys listed in Table 1.

The thermal expansion characteristics of a ma
terial are important because the heat that is ap
plied to weld joints causes localized expansion
and/or contraction during heating and/or cool
ing. A material with a greater thermal expansion
value will expand and contract more during the
welding operation, thus creating a greater
amount of stress on the weld joint. This is particu
larly important when the weld deposit is margin
ally crack sensitive. It is also a consideration
when dissimilar metals are welded together, es
pecially when there is a large difference in ex
pansion characteristics. The section "Dissimilar
Welding" in this article provides more details on
this topic. The nickel-base alloys have thermal
expansion values that are between those of car
bon steel and the austenitic stainless steels, as
shown in Table 1.

Liquidus-Solidus Temperature. The cracking
resistance of a material is often associated with
the difference in the liquidus and solidus tem
peratures, particularly when stress is involved.
When a highly restrained structure is welded,
considerable stress is generated during the weld
ing operation. If a material has a relatively large
spread between its liquidus and solidus tempera
tures, then there is more time that the material is
in a vulnerable situation in terms of cracking.
However, a material with a relatively narrow
liquidus-solidus range will cool down fairly rap
idly through the temperature range, and there
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Table 2 Nominal composition of selected solid-solution nickel-base alloys

Alloy UNS No, Ni

Nickel alloys

Co Fe
Composition, wt%

Cr Mo Mn,max Si,max C,max Others

200
201

99,5
99.5

0,2
0,2

0,008
0,01

Nickel-copper alloys

400 66.5 0,2 0,15 31.5Cu

Molybdenum-bearing corrosion-resistant alloys

B-2 N10665 69 1 max 2 max 1 max 28 1 0,1 0,01
C-4 N06455 65 2 max 3 max 16 16 1 0,08 0,01 O,7Timax
C-22 N06022 56 2.5 max 3 22 13 0.5 0,08 O,OlO 0.35 V max, 3 W
C-276 N10276 57 2.5 max 5 16 16 1 nom 0,08 0,01 0.35 V max, 4 W
G-3 N06985 44 5 max 19.5 22 7 1 1 0,015 2.5 Cu, 0.5 Nb max, 1.5 W max
G-30 N06030 43 5max 15 30 5.5 1,5 1 0,03 2 Cu, 1.5 Nb max, 2.5 W
N N10003 71 0,2 max 5 max 7 16 0,8 1 0,08 0.35 Cu max, 0.5 (Al + Til max, 0.5

Wmax

Solid-solution nickel alloy. for up to 1150 'C

600 N06600 76,0 8,0 15.5
601 N06601 60.5 14,4 23,0 1.4Al
617 N06617 52,0 12.5 1.5 22.0 9,0 1.2 Al
625 N06625 61.0 2.5 21.5 9,0 3,6Nb
690 N06690 61.5 9,0 29,0
HX 47.5 1.5 18,5 21.8 9,0 O,6W
800 N08800 32.5 46,0 21,0 0,05
800H N088lO 32.5 46.0 21,0 0,08
800HT N08811 32.5 46,0 21.0 0,08 1.0(Al+ Til
802 N08802 32.5 46,0 21.0 0,4 nom O,4C
OS 37,0 41,0 18,0 1,0 Mn, 2.3 Si
330 N08330 35.5 44,0 18,5 i.isr
330HC 31.5 48.0 18,5 1.2Si; O.4C

will be less time for stress-related cracking to
occur. This example assumes that other factors
that influence cracking, such as grain size or
structural mass, are equal. Table 2 lists the li
quidus-solidus temperatures, or melting ranges,
of several solid-solution nickel alloys,

Solid-Solution Nickel Alloys

These materials have good weldability and are
often used in the as-welded condition, The alloys
are usually formed by additions to nickel of chro
mium, cobalt, molybdenum, iron, and sometimes
small amounts of aluminum, silicon, and nio
bium (Table 2), The solid-solution nickel-base su
peralloys (Table 2) provide attractive creep resis
tance in conjunction with good thermal-fatigue
resistance, Under moderate loading, alloys of this
group can be used up to temperatures approach
ing 1150 °C (2100 OF), Typical applications are
welded containers and fixtures for thermal proc
essing, and headers and manifolds for chemical
and petrochemical processing.

The potential problem in welding these materi
als is grain size. As grain size increases, weldabil-

ity decreases. In some applications, a minimum
grain size is specified for maximum creep resis
tance. The compromise normally implemented is
to limit welding processes to those methods that
use lower heat input. The following sections
briefly describe the weldability of solid-solution
nickel-base alloys in terms of

Grain boundary precipitation, grain growth,
and hot cracking in the heat affected zone
(HAZ)
Fusion zone segregation and porosity
Postweld heat treatments

HAZ Properties

The heat-affected zone (HAZ) is discussed be
low in terms of grain boundary precipitation,
grain growth, and hot cracking, Aside from the
possibility of grain growth, few other metallurgi
cal HAZ problems have been reported for these
alloys, HAZ hot cracking, especially of the type
created by constitutional liquation of primary
carbide particles, is not a problem with these
alloys,
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Fig.l Photomi crographs showing co rrosion attack in Hastell oy C-276 (U NS N 10276) caused by grain boundary preci pitation in the
heat-affected zone of the we ld. The sample w as taken from a pipe removed after 18 mo nthsof serv ice in a hydrochl ori c acid vapor

enviro nment in a chemical pl ant. Samp le was etched in HCI and oxalic acid . (a) 75x . (b) 375x

Grain Boundary Precipita tion. Grain bounda
ries are the wea k link in a microstructure that is
exposed to eleva ted temperature, wh ether that
expos ure occurs during service or, in the case of
welding , during the thermal cycles that are part
of the we lding operation. Precipit ates tha t form
in the grain boundaries can vary in size and com
posi tion and can be either harmful or beneficial.
Intermeta llic comp ounds, such as carbides, act as
barriers to grain grow th and can be very benefi
cial. In tergranular carbides in alloys 600 and 690
can also deter stress-corros ion cracking dur ing
high-purit y wa ter expos ure in nucl ear reactor
steam generator primary side environme nts.

It should be noted here that the solid solubility
of carbon is considerably lower in nickel-base
alloys than in stainless steels. The net effect is that
during the welding of low-carb on nickel alloys,
HAZ gra in boundary precipit ation is still a po
tential reality, despite the relatively low carbon
cont ent of these alloys. The amo unt and severity
of precipitation will depend on the cooling rate
through the intermediate temp erature range
from 1000 to 600°C (1830 to 1110 OF), Some heat
to-heat varia tions in grain boundary precipita
tion have also been observed during sim ulated
HAZ stud ies in alloy B-2 (Ref 1).

The adverse effects of minor grain boundary
precipita tion depend on the severity of the corro
sive environment. For example, the maximum
corrosion penet ra tion after testin g in boiling 10%
hyd rochloric acid (HCl) varie d little for simu
lated heat-affected zones in alloy B-2. However,
when harsher autoclave testing enviro nments
were used (20% HCI at 150 °C, or 300 OF), pene
tration by corrosion increased as the simulated
HAZ cooling rate decreased from 20 to 120 s

through the critical intermediate temperature
ran ge (Ref 2).

Despit e these laboratory findings, most low
carbon nickel-molybd enum and nickel-chro 
mium-molybdenum alloys have been pu t into
corrosion service in the as-welded condit ion with
good results. Occasionally, poor results are en
countered . Meta llographic examina tion of the
corrod ed pa rt will usually revea l evidence of
grain boundary precipitat ion in the heat-affected
zone (Fig. 1).

Grain Gro wth. Genera lly, it is easier to make
defect-free welds in material w ith a relatively fine
grain size, because there is less of an undesirable
element concentra tion that contributes to grain
boundary cracking in a fine-grain network. With
larger gra ins , there are fewer grain boundaries
and the deleterious elements are more concen
trated in them. However, it is not always possible
to have a fine-grain structure to weld . Most high
temp erature applications, for example, need a
large grain size material to ensure eleva ted- tem
perature creep and rupture strength ,

Even wh en a fine-grain material is welded,
gra in grow th will occur in the HAZ. The wid th of
this grain growth band depends on numerou s
var iables, such as the welding process used, the
heat input and travel speed, and the heat transfer
characteristics of the base material. The electro n
beam (EB) welding process, for example, will
pro duce a narrower HAZ and a smaller ban d of
gra in growth than the gas-metal arc welding
(GMAW) process .

Ho t Crack ing . In terms of cons titutional
liquation, HAZ fissures are seldo m a problem in
the nickel or nickel-copper alloys, but they have
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38Ni) with a 1000 °C (1832 OF) solidus tempera
ture, which is considerably below the bulk melt
ing range of the alloy.

Several approaches can be made to minimize
the occurrence of HAZ fissuring, including the
control of:

Heat input during welding
Microstructure, to obtain fairly small grain
sizes
Chemistry, to minimize the amount of delete
rious minor elements that are known to con
tribute to fissuring
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Fig 2 Photomicrograph showing a heat-affected zone mi-
• crofissure in a nickel-chromium alloy. Speci men is a

GMAW 44.4 mm ll .75 in.) plate, Electrolytic phosphoric ac id
etchant, 75x

been the subject of considerable study in nickel
chromium and nickel-chromium-iron alloys.

Such fissures have been observed in alloy 600,
for example, when relatively high heat inputs (2.4
MJlm, or 45 x 103J/in.,and higher) were used .
These fissure s are typically narrow, linear inter
granular separations that are perpendicular to
the direction of weld travel. Fissures have been
found in the HAZ of welds made by the GMAW,
gas-tungsten arc welding (GTAW), and EBweld
ing processes. An exampl e of a typical fissure
found in a nickel-chromium HAZ is shown in
Fig. 2.

Grain boundary liquation is one of the pro
posed mechanisms that caus es fissuring (Ref 2).
Grain boundary liquation occurs when a phase
or particle causes the grain boundary to melt at a
temperature below the bulk melting point. Be
cause the liquated grain boundary has practically
no strength, separation at the liquated grain
boundary can occur, causing the fissure.

Constitutional liqu ation was proposed as a
mechanism for ho t cracking by Savage in 1959
and was described in detail in subsequent papers
(Ref 3). In this theory, a relatively stabl e second
phase particle begins to dis solve during non
equilibrium, or rapid, heating and forms an inter
mediate phase with the matrix, which has a
solidus temperature that is lower than that of
either the second-phase particle or the matrix. In
alloy 600, some experimenters have identified the
precipitation of Cr7C3 at the grain boundary as
the second-phase particle around which cons titu
tionalliquation occurs.

Chemical segregation at a grain boundary can
also cause grain boundary liquation. Boron and
sulfur are two elements that form lower melting
point eutectics that can contribute to HAZ fissur
ing . Manganese segregation in alloy 600 has been
identified as forming a binary compound (Mn-

There are many minor elements that can con
tribute to HAZ fissuring in nickel-base alloys,
including some that are intentionally added to
enhance properties. Although these elements are
considered minor because they are pres ent in
sma ll amounts, they are far from being minor in
their effect on fissuring. These elements include,
but are not limited to, sulfur , phosphorus, lead ,
boron, zirconium, tin, zinc, selenium, tellurium,
antimony, bismuth, silver, and gold. Boron and
zirconium are two elements that are intentionally
added to nickel-base alloys to enhance hot work
ability and elevated-temperahIre strength, but
they can be detrimental during welding opera
tions .

Fusion Zone

Fusion zone welding metallurgy is important ,
because nickel-base materials are usually welded
with filler metals of matching composition and
becau se these alloys can be we lded autogene
ously (no filler added), as in the case of welded
tubular products. Three issues should be consid
ered in terms of the fusion zone:

Effectof weld metal segregation on corrosion
resistance
Propensity to form porosity
Solidification hot-crack sensitivity

Alloying Segregation. Because of the segrega
tion of solute elements upon solid ification (such
as molybdenum, which segregates to the cellular
dendritic boundaries of the fusion zone), it is
generally accept ed that the corrosion resistance
of the weld metal will be marginally less than that
of the more homogeneous wrought base mate 
rial. This becomes a problem in corrosion situ
ations where an alloy was chosen for its particu
lar resistance to corrosion. For example, because
the dendritic we ld ma teria l can have vas tly dif
ferent chromium and molybdenum levels, pref
erential corro sion may initiate and propagate at
those areas of the microstructure that are lean in
the element responsible for providing the corro 
sion resistance.
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Fig.3 Microstruclures of alloy 400 (UNS N04400) welded with filler metal 60. (a) As welded; cyanide persulfate etchanl, 70x. (b)
Welded, plus 20% co ld reduction, plus anneal at 871 °C (1600 OF) 2 h; cyanide persulfale etchant, 150x . Source: Ref 4

(b)

Fig. 4 Metallographic cross sections of the corroded surface of weld deposits on Haslelloy B-2 (UNS N10665) after testing in an auto
clave at 150 °C (300 OF) for 96 h in a 20% HCI environment. (a) Ni-28Mo (UNS N10665) alloy filler metal. 375x. (b) Ni-42Mo

filler melal. 375x . Both samples were etched in hydrochloric and chromic acid. See texl for explanation,

Microsegregation cannot be eliminated in a
weld, but it can be minimized by judicious selec
tion of welding parameters, such as the control of
heat input. High-temperature heat treatments for
several hours can partially equalize the composi
tion gradients by diffusion. Cold working the
weld structure, followed by annealing, can also
break down this microsegregation, if the compo
nent lends itself to this type of treatment.

In add ition to improving the corro sion resis
tance of the welds, cold working and annealing
the weld area also increases weld ductility. Fig
me 3 illustrates how a dendritic weld structure
can be reduced by cold working and annealing .
After a 20% cold reduction follow ed by an an
neal, the cast structur e of the weld has been re
fined substantially and the wrought grain struc
hu e can be seen easily.

Differences in corrosion performance, how
ever, also depend heavily on the severity of the
corrosion environment. In mild corro sion envi
ronments, little difference is observed. In severe

environments, the fusion zone may be preferen
tiallyattacked.

Figure 4(a) is a high-magnification view of the
surface attack on alloy B-2 weld metal when
tested for 96 h in 20% HCl at 150 °C (300 OF) in an
autoclave. Under these conditions, corrosion at
tack appears to be the most aggressive at the
dendrite cores (molybdenum lean). Figure 4(b)
shows the lack of corrosion attack on weld metal
from a specially devised overalloyed B-type filler
material (Ref 5). This alloy consists of 42% Mo,
rather than the nominal 28% Mo. The higher-mo
lybdenum nickel alloy solidifies as a non equili
brium hyp oeut ectic structure consisting of a me
tastable a phase, with Nijlvlo and NiMo in the
interdendritic regions. In this case, despite solidi
fication segregation, the dendrite core regions are
sufficiently sa turated with molybdenum to resist
preferential fusion zone attack.

It should be noted that although the micro
structure of the Ni-42Mo material in Fig. 4(b)
offers high corrosi on resistance, the alloy is char-
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acterized by limited weld ductility (Ref6). How
ever, the use of overalloyed filler metals as a
solution to preferential weld metal corrosion at
tack has been demonstrated elsewhere. For ex
ample, alloy C-22 (22% Cr) has been used suc
cessfully to refurbish corroded welds in an alloy
C-276 (16%Cr) pulp and paper mill bleach-mix
ing device. Alloy G-30 (30% Cr) is also a logical
choice as an overalloyed filler for certain alloy
G-3 components.

Porosity. In terms of sensitivity to porosity, the
nickel-base alloys can be divided into two
groups: those that contain chromium and those
that do not. Chromium has a natural affinity for
the gases that form during the welding opera
tion, notably oxygen, nitrogen, and hydrogen.
Because the nickel and nickel-copper alloys lack
chromium, they are sensitive to porosity forma
tion during autogenous welding. Therefore, the
protection of the weld puddle during melting
and solidification is critical to the achievement of
porosity-free autogenous welds in these two al
loy classes. Dry torch gases and adequate gas
protection are necessities. Although the use of
filler metals helps in porosity control, because of
the additions of gas-absorbing elements such as
titanium and aluminum, proper precautions are
still necessary.

Porosity control is much easier in the nickel
chromium and nickel-chromium-iron alloys be
cause of their high chromium levels. This is not
meant to imply that gas coverage is not impor
tant when autogenously welding the chromium
containing alloys, but it certainly is not as critical,
compared with nickel and nickel-copper alloys.

The possible origins of gas-generated porosity
are carbon monoxide, hydrogen, and nitrogen.
However, in welding the low-carbon nickel-mo
lybdenum and nickel-chromium-molybdenum
alloys, the cause of porosity is not believed to be
from the formation of carbon monoxide. As long
as there is a residual silicon or aluminum content
in the weld deposit, the oxygen potential is too
low for the formation of carbon monoxide. In
order to produce a carbon monoxide "carbon
boil" during welding, it would be necessary first
to deplete all the aluminum, silicon, and any
other deoxidizers that may be present.

Gas hole formation can be caused by hydrogen
evolution. As is well known, even the smallest
amount of water will be reduced by metal deoxi
dizers, releasing a sufficient volume of gas to
create porosity. Hydrocarbons can also dissociate
and go into solution. The lower the carbon con
tent of the alloy, the more likely it is to pick up
hydrogen from hydrocarbons. These reactions
are favored as the carbon content of the alloy
decreases. Gas hole formation that is due to hy
drogen can be minimized by the well-known
methods of keeping the joint area and the weld

filler metal dry and oil-free. This approach is
especially true when welding with coated elec
trodes. The ceramic coating ingredients can ab
sorb sufficient moisture in humid weather to
cause potential problems. It is because of this
behavior that unused electrodes should be stored
in a warm oven (110°C, or 230 OF, minimum).

The third and only other possible cause of gas
hole formation is nitrogen. As is well docu
mented in the literature, a large quantity of nitro
gen is capable of being picked up by the molten
metal during arc welding processes whenever
the gas in the arc contains any nitrogen. Nitrogen
pickup from air, for example, might prove to be a
problem whenever the weld pool is improperly
shielded. Different alloys would be expected to
have different susceptibilities to nitrogen-in
duced porosity. The ability of the solidified ma
trix plus secondary solid phases to hold or carry
nitrogen is the primary difference between al
loys. Alloys with a greater nitrogen-carrying ca
pacity are apparently less susceptible to nitrogen
induced porosity. For example, a nickel
chromium alloy would be less susceptible to ni
trogen porosity than pure nickel because of the
increased solubility of nitrogen. Furthermore, be
cause alloy B-2 contains no chromium, it pos
sesses a lower nitrogen solubility than alloy C-22,
and, thus, would be more prone to nitrogen po
rosity.

Hot-Cracking Susceptibility. Hot cracking, or
fissuring, is a grain boundary related mechanism
that can occur, primarily, in the nickel-chromium
and nickel-chromium-iron families of alloys. Al
though the nickel and nickel-copper alloys are
not immune to this phenomenon, there have
been more occurrences in the chromium-bearing
nickel-base alloy materials.

A study of the weld ability of alloy 800 (Ref 7)
found that reducing the aluminum plus titanium
content to extremely low levels «0.06%) essen
tially eliminated hot cracking. It was noted that
when normal levels of these elements were pres
ent, segregation of titanium and aluminum re
sulted in grain-boundary embrittlement and
banding that was sufficiently severe to exhibit
liquation during heating through a weld cycle.
There also appeared to be a strong association
between sulfur and titanium in the discrete inclu
sions observed in sulfur-bearing alloys.

Hot cracking of Ni-Mo corrosion-resistant al
loys during solidification also has been studied in
depth by researchers equipped with sophisti
cated microanalysis equipment (Ref 8). Solidifi
cation hot cracking, as generated by the
varestraint hot-cracking device, was found to in
crease as the tendency to form intermetallic sec
ondary solidification constituents increased. In
terms of general weldability ranking, alloy C-4
was found to be the least sensitive to solidifica-



tion cracking, followed by alloy C-22, and then
alloy C-276. It should be noted that all of the
low-carbon nickel-chromium-molybdenum al
loys of the C family are characterized by high
weld metal ductility. Hot-cracking problems
have rarely been reported under actual fabrica
tion conditions.

Unmixed Zone. For many years, it was as
sumed that there was complete mixing in the
weld pool and that the composition of a fusion
weld was homogeneous throughout. Now it is
known that there are areas adjacent to the fusion
line where mixing does not occur. This unmixed
zone has been the subject of considerable re
search and is of concern to corrosion engineers
because of the adverse effect that a cast base-met
al structure can have on weld-associated corro
sion. These zones are base material undiluted by
filler metal and are, essentially, narrow bands of
autogenous welds situated on the fusion line.
There is a greater tendency for unmixed zones to
be present in nickel-base welds, compared with
steel and stainless steel welds. The sluggish na
ture of the molten nickel alloy weld metal tends
to deter complete mixing during welding.

These unmixed zones can be reduced or practi
cally eliminated by controlling the welding pro
cedures to ensure adequate mixing of the weld
pool during welding. As an example, excessively
fast travel speed promotes the formation of these
zones. Slowing the travel speed and adjusting the
other welding parameters to compensate for the
slower travel speed will do a great deal to mini
mize the formation of unmixed zones.

Alloy Effects on Weldability

Copper forms a complete series of solid-solu
tion alloys with nickel and has little effect on the
weldability of nickel. Metallurgically, the binary
high-nickel-content alloys that contain from 15 to
40% Cu behave much like commercially pure
nickel when welded. The nickel-copper alloys
have about the same susceptibility to embrittle
ment by elements such as sulfur as does commer
cially pure nickel. The need for alloying to control
gaseous porosity is not significantly reduced in
the nickel-copper alloys, compared to that re
quired for commercially pure nickel. As copper is
increased up to the range of the copper-nickel
alloys, such as 70Cu-30Ni and 80Cu-20Ni, the
alloy behaves more like a copper alloy and re
duced amounts of deoxidizers can be used. The
presence of copper changes the high-temperature
solubility of carbon to the point where graphiti
zation is not encountered.

Chromium additions in alloys of commercial
importance do not exceed the limit of solid-solu
tion alloys and present an attractively narrow
freezing range. Chromium has the ability to form
stable oxides and nitrides, which in turn greatly
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reduce the tendency for weld porosity, compared
to that encountered in commercially pure nickel
and nickel-copper welds. The chromium-bearing
alloys are more susceptible than other high
nickel-content alloys to hot cracking when other
elements, notably silicon, are present. For exam
ple, the hot-cracking susceptibility of a nickel
base weld metal containing 15% Cr is sharply
increased as silicon increases from a few tenths of
a percent to 1%and higher, whereas levels on the
order of 1% Si are relatively innocuous in nickel
and nickel-copper alloys.

Iron is commonly present in the nickel-chro
mium alloys, such as alloy 600, in amounts up to
8 wt%. It is not intended to enhance mechanical
properties or weldability, but is added as a ferro
alloy, along with other additives, and helps keep
the cost of these alloys down. Up to this level,
iron is not believed to appreciably effect welding
behavior. As the amount of iron increases to the
composition range of nickel-chromium-iron al
loys (such as alloy 800,which contains about 46%
Fe), the alloy becomes increasingly hot-crack sen
sitive. When steel is melted into a high-nickel
content alloy weld, such as in an overlay or in
dissimilar metal welding, there is some reason to
believe that residual elements such as sulfur and
phosphorus, which are normally present in more
abundant quantities in steel than in nickel-base
alloys, are more damaging to the properties of
the weld than the iron itself.

Carbon is usually present in nickel and high
nickel-content weld metals in amounts ranging
from 0.01 to 0.15 or 0.20%. The effect of carbon is
a major concern with commercially pure nickel.
The limit of carbon solubility in the temperature
range from 371 to 649°C (700to 1200OF) is about
0.02 to 0.03%. During welding, any graphitic
carbon present in the HAZ is dissolved and held
in a super-saturated solution as the metal rapidly
cools. Subsequent exposure to the temperature
range from 371 to 649°C (700 to 1200 OF) causes
carbon to precipitate in the form of intergranular
graphite. Unwelded high-carbon commercially
pure nickel would be similarly embrittled in this
temperature range by carbon migration to the
grain boundaries, but it would require a much
longer time. Therefore, when the wrought com
mercially pure alloys are to be used at tempera
tures above 371 °C (700OF), a maximum of 0.02%
carbon is used, as in alloy 201. In weld metal,
titanium is added to tie carbon up in the form of
titanium carbide, thus preventing the formation
of graphitic carbon.

In the nickel-base alloys, copper alters solubil
ity to the point where graphitic embrittlement is
not encountered up to carbon levels of 0.15 to
0.20%. The carbon content in nickel-copper alloys
does have an effect on hot-cracking tendencies
when iron is present. For example, nickel-copper
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Table3 Typicalannealing teml!eratures for
corrosion-resistant nickel and nickel-basealloys
All alloys air cooled or water quenched.

Temperature(a)
Alloy UNSNo. -c OF

200 N02200 830-871 1525-1600
201 N02201 830-871 1525-1600
400 NOMOO 871 1600
600 N06600 925-1040 1700-1900
601 N06601 1175 2150
690 1040 1900
800 N08800 1010-1175 1850-2150
825 N08825 940 1725

(a)±14°C (±25°F)

alloys with over 0.20% C can tolerate only about
5% Fe: hot cracking may result at higher levels.
Low-carbon nickel-copper alloys with less than
0.10%C can tolerate up to about 30 wt% Fe.

In nickel-chromium alloys, carbon combines
with chromium to form chromium carbides, un
less titanium or columbium are present to form
their respective carbides. Although chromium
depletion may occur in the HAZ of welds, as it
does with the iron-base alloys in the absence of
titanium or columbium, it is only in extremely
corrosive media that corrosion resistance is im
paired.

Manganese was considered to be relatively un
important to welding metallurgy for many years.
It is now well established that in both the nickel
chromium and nickel-copper alloys, manganese
is beneficial in minimizing fissuring and in pre
venting hot crackingin welds of heavy sections,
as well as in cases where excessive iron dilution
may be encountered. Additions of up to 9 wt%
Mn have been used in some commercially avail
able welding electrodes.

Magnesium in wrought materials forms a sta
ble high-melting-point magnesium sulfide pref
erentially to the extremely low-melting-point
nickel-nickel sulfide eutectic. In welding, magne
sium in the base metal serves to prevent hot
cracking in the HAZ.

Silicon may be present in nickel-base alloys in
amounts ranging from 0.01%to 4.0%. However,
it is generally considered to have an adverse ef
fect on welding because it increases the tendency
for hot cracking. Therefore, wrought materials
generally have less than 1% Si. The adverse be
havior is associated with a eutectic melting that is
more damaging to weld metal than to base metal.
Pure nickel is most resistant, followed by nickel
copper alloys. Nickel-chromium alloys are the
least resistant to the effects of silicon.

Both titanium and aluminum can be added to
the weld metal and the base material to promote
age hardening. In smaller amounts, the addition

of titanium to nickel and nonchromium-bearing
nickel-base alloys helps control gas porosity.
Aluminum is added to wrought alloys as a deox
idizer. If substantial amounts of titanium and
aluminum are added, the sensitivity of the weld
metal to hot cracking increases.

Boron amounts that range from 0.003 to
0.10% improve the high-temperature me
chanical properties of certain wrought and
cast nickel-base alloys. These alloys are usually
intended for elevated-temperature service,
where grain boundary strengths are enhanced
by boron additions. Unfortunately, boron con
tents of 0.03% or higher have a grossly damag
ing effect on weldability. At higher boron lev
els, the weld metal and HAZ are extremely
hot-crack sensitive and considerable care must
be exercised with respect to heat input and stress
levels.

Zirconium acts similarly to boron in nickel
base alloys by promoting hot cracking in the
weld metal and HAZ. However, the tolerance for
zirconium is somewhat higher than it is for bo
ron.

Sulfur is perhaps the most damaging of all
elements that are involved in the welding metal
lurgy of nickel and high-nickel-content alloys.
Sulfur is particularly damaging to nickel because
of its extremely limited solid solubility and be
cause of a nickel-nickel sulfide eutectic reaction
that occurs at 649°C (1200OF).

Sulfur is different from most other elements
that adversely affect weldability because it affects
both the HAZ and the weld metal. Penetration
occurs at the weld HAZ area that is heated above
a threshold temperature while being in contact
with sulfur-bearing material. The threshold tem
perature varies from 316°C (600 OF) for pure
nickel to about 649 °C (1200 OF) for chromium
bearing alloys. Magnesium and manganese are
alloying additions that are used to control the
effects of sulfur. Unusual diligence is required
when handling the nickel-base alloys to avoid
contamination from sulfur-containing com
pounds, which can include such commonly used
materials as machining lubricants, marking cray
ons, temperature-indicating sticks, and shop dirt.

Lead causes hot shortness in high-nickel-con
tent weld metal at about the same level as sulfur
does. The metallurgical explanation of the sub
versive effect of lead is very similar to that of
sulfur. In practice, lead contamination is less
common than sulfur contamination, but prob
ably only because there are fewer common
sources of lead-containing contaminants in fabri
cating shops than there are sources of sulfur-con
taining contaminants.

Phosphorus can exhibit an effect similar to lead
and sulfur in high-nickel-content weld metals.
The solubility of phosphorus is quite limited and



undergoes a eutectic reaction at about 871 °C
(1600 OF). Severe weld metal cracking has been
attributed to as little as a few hundredths of a
percent of phosphorus.

Postweld Heat Treatment

Postweld heat treatments are usually not re
quired for the non-precipitation-hardenable
nickel and nickel-base alloy weldments. For ex
ample, the ASMEboiler and pressure vessel code
for unfired pressure vessels does not require
postweld heat treatment, except as agreed upon
between the user and the manufacturer. How
ever, a dissimilar weldment between a nickel
base alloy and a steel is postweld heat treated
because the steel side of the joint requires it. In
this case, the heat treatment will normally have
little consequence on the nickel-base alloy. Table
3 lists the typical annealing temperatures for
many of the solid-solution nickel-base alloys.

Stress Relief. Postweld heat treatment is some
times used to provide stress relief. Complete
stress relief can be achieved with full solution
anneal, which also gives the alloy an optimal
metallurgical condition. Solution annealing will
eliminate any prior cold work by recrystalliza
tion and will dissolve secondary M23C6-type car
bides that may have formed upon cooling during
welding. Typical solution annealing tempera
tures for solid-solution-strengthened alloys are
given in Table 2. The time required can range
from a few minutes to about an hour, followed by
rapid quenching in water or air. A popular calcu
lated time is 140 s/mm (1 h/in.) of cross-section
thickness.

Some fabricators conduct stress relieving at a
temperature about 100°C (180 OF) above the in
tended service temperature to avoid distortion
during service. A partial stress relief can be ac
complished for many alloys in the range from 450
to 900°C (840 to 1650 OF). However, the magni
tude of stress relief and property degradation
vary for each alloy and stress-relief temperature.
These factors should be carefully considered if
stress relief is to be performed below the mini
mum mill annealing temperature.

Alloys 200, 201, 400, and 600. In certain envi
ronments, it has been beneficial to perform a
postweld heat treatment on some of the nickel
base alloy weldments. Alloys 200, 201, and 600
receive this treatment for caustic service applica
tions, as does alloy 400for hydrofluoric acid serv
ice applications. The recommended heat treat
ment procedures for these materials in these
service environments are given in Table 4.

Although determining the rates of heating and
cooling after postweld heat treating is seldom a
problem with the solid-solution nickel-base al
loys, the cooling rate should generally be at least
as fast as the rate of an air cool. When there are
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Table 4 Recommended heat treatment
procedures for selected nickel-base
corrosion-resistant alloys

Alloys 200 and 201for caustic service

1. Hold at 704°C (1300oF)for a minimum of 0.5h/25.4 mm
(1 in.) of thickness

2. Determine the heating and cooling rates, which will vary
with the shape of the part. Complex shapes with nonuni
form thicknesses should have hea ting and cooling ra les of
111°C (200°F)/h. Shapes with uniform thicknesses can
use fast healing and air cooling

Alloy 600 for caustic service

1. Hold at 899°C (1650oF)for a minimum of 1h/25.4 mm (1
in.) of thickness or at 788°C (1450"F) for a minimum of 4
h/25.4 mm (1 in.) of thickness

2. Delermine heating and cooling rates per guidelines for al
loys 200 and 201

Alloy 400 for hydrofluoric acid service

1. Hold at 593°C (1100oF)for a minimum of 0.5h/25.4 mm
(1 in.) of thickness

2. Determine heating and cooling rates per guidelines for al
loys 200 and 201

large differences in cross-sectional areas in a
welded structure, the heating and cooling rates
may have to be controlled in order to minimize
the distortion that might occur with a rapid rate
of heating or cooling. Such structures could expe
rience enough distortion to cause fit-up or assem
bly problems, particularly if a too-rapid cooling
rate causes excessive stresses that are due to the
mass differences in the structure.

The usual precautions regarding furnace at
mosphere and temperature control should be fol
lowed when postweld heat treating these alloys.
Because cracking caused by contaminants is al
ways a concern, all surfaces should be thor
oughly cleaned prior to being postweld heat
treated.

Molybdenum-Containing Corrosion-Resis
tant Nickel Alloys. Because of their very low
carbon contents «0.02% C), the newer-genera
tion CR alloys do not require heat treatment after
welding. However, for certain critical corrosion
environments, proper postweld annealing will
maximize corrosion resistance of the HAZ. An
nealing can also be performed to reduce residual
stresses, which playa role in the susceptibility to
stress-corrosion cracking in some environments.
Annealing can be used to increase the corrosion
resistance of the weld fusion zone by promoting
diffusion of some elements.

Corrosion-resistant alloys are usually supplied
in the mill-annealed condition, unless otherwise
specified. The mill-annealing procedure has been
designed to place the material in the optimum
condition with respect to ductility and corrosion
resistance. During fabrication of a vessel or com-
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Table 5 Solution annealing temperatures for
corrosion-resistant nickel-base alloys containing
molybdenum
Data are applicable for either water quench (WQ) or rapid air
cool (RAC) quench.

Temperature
Alloy UNSNo. °C±14° °F±2S0

B-2 N10665 1065 1950
C-4 N06455 1065 1950
C-22 N06022 1120 2050
C-276 N10276 1120 2150
G-3 N06905 1150 2100
G-30 N06030 1175 2150
N N10003 1175 2150

ponent, several operations or conditions may re
quire an anneal. For example, following any hot
forming operation, a reanneal of the material
should be done to restore ductility and corrosion
properties. Annealing is also performed after
cold working to restore ductility. Generally, an
nealing is not required if the total cold work is
below 7% outer fiber elongation.

In general, the only heat treatment that is ac
ceptable for these alloys is a full solution anneal.
Table 5 lists the proper heat-treating tempera
tures and type of quench. Intermediate tempera
tures commonly used for stress-relieving steels,
stainless steels, and other alloys are not effective
and could promote precipitation that would be
detrimental to corrosion resistance.

Before heat treatment, grease, graphite, and
other foreign materials must be removed from all
surfaces. Tube products may require special care
for complete removal of these contaminants from
interior surfaces. Carburization of these materi
als at the heat-treating temperatures can reduce
corrosion resistance, and sulfur embrittlement
can cause severe cracking. Proper control of the
temperature and time cycle are also critical. A
flexible set of rules governing soaking-annealing
time is generally followed, because of the many
variations in furnace type, furnace operation, fa
cilities for loading and unloading the furnace,
and so on. The temperature should be monitored
using thermocouples attached to the piece being
annealed. The actual holding time should begin
to be measured when the entire section is at the
specified annealing temperature. It is important
to remember that the center of a section does not
reach the solutioning temperature as soon as the
surface.

Normally, hold time should be in the range
from 10 to 30 min, depending on section thick
ness. Thin-sheet components are held at the
shorter time, whereas heavier sections are held at
the longer time. Shorter annealing times can be
used if the sole purpose is to remove the effect of
cold work. Longer annealing times might be re-

quired if the objective is to promote homogeniza
tion of the fusion zone.

Rapid cooling is essential after solution heat
treatment to prevent the precipitation of secon
dary phases and the resultant lowering of the
corrosion resistance of these alloys. Water
quenching is recommended on material thicker
than 9.5 mm (3Al in.). Although rapid air cooling
can be used on sections thinner than 9.5 mm (3Al
in.), water quenching is preferred. The time from
the furnace to the quench tank or to the start of
rapid air cooling mustbe as short as possible (less
than 3 min).

The requirements for proper annealing of alloy
B-2 (UNS 10665) are quite demanding. In addi
tion to the guidelines established above, the fol
lowing reactors should be considered very care
fully. It is strongly recommended that the part
being heat treated be charged into a furnace that
is at the annealing temperature, and that the heat
ing rate be as fast as possible. In addition, the
thermal capacity of the furnace should be large to
allow the temperature of the furnace to recover
quickly after the part is charged into it. These
steps are designed to shorten the time in the
intermediate temperature range from 595 to 815
°C (1100 to 1500 OF). Extended exposure (greater
than 15 min) at these intermediate temperatures
can cause intergranular cracking because of
phase transformations, especially if the part is in
the cold-worked condition. Under certain condi
tions/ shot peening prior to heat treatment may
be beneficial to the elimination of residual tensile
stresses. For example, it has been observed that
shot peening the knuckle radius and straight
flange regions of a cold-formed head prior to heat
treatment can help reduce intermediate tempera
ture intergranular cracking by lowering the re
sidual stress patterns at the surface of the cold
formed component.

Other Welding Situations

Welding of dissimilar metals to solid-solution
nickel-base alloys does not present a problem in
most cases. The nature of nickel as a "forgiving"
solvent element renders most industrially en
countered dissimilar metal combinations as met
allurgically compatible. Filler materials designed
to join the nickel-base side of the joint are usually
recommended.

Plate-to-Plate. There can be drastic conse
quences related to complex metallurgical consid
erations when butt welding plates of different
composition. The composition of the weld de
posit is controlled not only by the filler metal, but
by the amount of dilution from the two base
metals. Many different dissimilar-metal combi
nations are possible, and the amount of dilution
varies with the welding process, the operator
technique, and the joint design.
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Table 6 Composition of selected precipitation-hardenable nickel alloys that retain high-strength
properties to 705°C (1300 OF)

Composition, wt%
Alloy UNSNo. Ni Cr Fe Cu Co Mo Ti AI Nb Others

K-500 N05500 65.5 1.0 29.5 0.6 2.7
706 N07702 41.5 16.0 37.0 1.8 0.2 2.9
718 N07718 54.0 18.0 18.5 3.0 5.1
X-750 N07750 73.0 15.5 7.0 2.5 0.7 1.0
751 N07751 73.0 15.0 7.0 2.5 1.1 1.0
903 N19903 38.0 42.0 15.0 1.4 0.9 3.0
904 32.5 51.0 14.5 1.6
907 38.0 42.0 13.0 1.5 0.03 4.7 0.155i
909 38.0 42.0 13.0 1.5 0.03 4.7 0.45i
925 44.0 21.0 28.0 1.8 3.0 2.1 0.3 o.oi c

Fig. 5 Joint designs for clad steel. (a) Material of 4.8 to 16 mm
WI6 to % in.) thickness. (b) Material of 16 to 25 mm (%

to 1 in.) thickness. Source: Ref 9

important to ensure that any weld joint surface
that is exposed to corrosive media is at least as
corrosion resistant as the cladding. This require
ment influences both joint design and welding
technique.

Butt joints should be used whenever possible.
Figure 5 shows recommended designs for two
thickness ranges. Both designs include a small
edge of unbeveled steel above the cladding to
protect the cladding when the steel is welded.
The steel side should be welded first, using a
low-hydrogen welding product. It is important
to avoid cladding penetration during the first
welding pass. Dilution of the steel weld with the
nickel-alloy cladding can cause the deposit to
crack. The clad side of the joint should be pre
pared by grinding or chipping, and it should be
welded using the welding product that is recom
mended for solid sections of the cladding alloy.
The weld metal will be diluted with steel. To
maintain corrosion resistance, at least two layers
should be applied, although three or more layers
are preferable.

The strip-back method is sometimes used in
stead of the procedure described above. The clad
ding is removed from the vicinity of the joint, as
shown in Fig. 6. The remaining steel is then
welded using a standard steel joint design and
technique, and the nickel-alloy cladding is reap
plied by weld overlaying. The advantage of the

In many cases, more than one welding product
will satisfy the requirement of metallurgical com
patibility. Selection should be based on the
strength required, service environment, or the
cost of the welding product. Table 6 lists the
recommended filler metals to use when welding
numerous dissimilar metal combinations.

The selection of the welding product involves
extra considerations when dissimilar materials
are being welded. In addition to dilution factors,
the thermal expansion of the two metals being
joined and of the filler metal should be reviewed
in order to achieve a weld that will not fail pre
maturely.

In the power industry, for example, an austeni
tic stainless steel and a low-alloy steel represent a
common joint. The expansion rate of the stainless
steel side is higher than that of the low-alloy side.
If this joint were welded with a stainless steel
electrode, then both the weld and the stainless
steel side of the joint would expand and contract
during heating and cooling at the same rate, thus
putting stress on the low-alloy side of the weld.
Because the low-alloy steel has less strength than
the stainless steel, the shifting of stress to this side
of the joint is undesirable and could lead to pre
mature fatigue or stress failure.

On the other hand, if a nickel-base alloy filler
metal were used to weld this combination, both
the weld and the low-alloy side of the joint would
expand and contract together during tempera
ture swings in the service environment and any
stresses induced would be shifted to the stainless
steel side of the joint, which is stronger than the
low-alloy side. This would result in a longer serv
ice life for this weld.

Clad Material. Most clad specimens consist of a
highly alloyed material, such as a nickel-base al
loy, clad to a less-expensive material, usually
steel. The nickel-base alloy provides corrosion
resistance, whereas the steel, which usually con
stitutes at least 80% of the total thickness, pro
vides backing strength and reduced costs.Because
clad steels are frequently joined by welding, it is

(a) (b)
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Table 7 Typical solution treatment and aging cycles for precipitation-strengthened high-temperature
alloys

Solution treatment Aging
Temperatwe Cooling Temperature Cooling

Alloy -c OF Tlme,h procedure °C OF Time,h procedure

Ineanel718 980 1800 1 Aireool 720 1325 8 Purnace cool
620 1150 8 Air cool

Inconel X-750 1150 2100 2 Air cool 845 1550 24 Air cool
705 1300 20 Air cool

Nimanie80A 1080 1975 8 Air cool 705 1300 16 Air cool
Nimanic90 1080 1975 8 Air cool 705 1300 16 Air cool
Rene 41 1065 1950 Y:1 Aireool 760 1400 16 Air cool
Udimet500 1080 1975 4 Aireool 845 1550 24 Air cool

760 1400 16 Air cool
Waspalay 1080 1975 4 Aireool 845 1550 24 Air cool

760 1400 16 Air cool

Fig.6 Strip-back method af joint preparation, Source: Ref9

strip-back method is that it eliminates the possi
bility of cracking caused by steel weld metal
penetration into the cladding (Ref9).

Some joints, such as those in closed vessels or
tubular products, are accessible only from the
steel side. In such cases, a standard steel joint
design is used, and the cladding at the bottom of
the joint is welded first with nickel-base alloy
weld metal. After the cladding is welded, the
joint can either be completed with nickel-base
alloy weld metal or a barrier layer of carbon-free
iron can be applied and the joint completed with
steel weld metal. If the steel thickness is 8.0 mm
(5116 in.) or less, it is generally more economical to
complete the joint with nickel-base alloy weld
metal.

Weld Overlay Cladding. Nickel-base alloy weld
metals are readily applied as overlays on carbon
steels, low-alloy steels, and other materials. The
cleanliness of the surface to be overlaid is ex
tremely important. All oxides and foreign mate
rials must be removed prior to welding to ensure
crack-free results and to minimize the possibility
of oxide inclusions in the deposited weld metal.
If the material being overlaid has a high sulfur or
phosphorus content, then cracking is possible in
the deposited nickel-base alloy weld layer. If this
occurs, then the cracked layer should be ground
or machined away and another layer deposited.

This sacrificial layer approach is just one solu
tion to this situation. Other approaches would be
to deposit the first layer with a more-tolerant
weld metal composition or, if possible, to design

the structure with a lower sulfur/phosphorus
base material. Using a welding process and weld
ing parameters that minimize dilution also is
very helpful in avoiding problems in this type of
situation.

Welding of Castings. Many of the wrought
solid-solution nickel alloys discussed in this arti
cle have equivalent cast compositions that are
modified slightly to enhance castability and
properties. The largest modification usually is
the increase in silicon content, which unfortu
nately has an adverse effect on weldability. It is
not unusual to find silicon levels that exceed 1.5%
in cast nickel-base alloys. Depending on other
influences, such as restraint, amount of other mi
nor elements, and the welding process used, this
level of silicon may result in weld cracking. When
welding surface defects that occurred during the
casting process, which is a common welding pro
cedure with castings, most welding methods can
be used with most of the solid-solution nickel
base alloy castings.

Repair Welding. The solid-solution nickel
base alloy system does not undergo drastic met
allurgical changes during either thermal cycling
or exposure to commonly encountered service
temperatures, as do many of the ferrous alloys.
This is a definite benefit when it becomes neces
sary to repair weld a component. Except for ex
posure to surface-modifying environments, such
as carburization, nickel-base alloys generally re
tain their excellent weldability, even after pro
longed service exposure. In those cases where a
general condition renders a component usable,
such as overall carburization or oxidation attack,
very little can be done to repair weld the part.
However, if a localized area fails, then there usu
ally is a good change that a repair weld can sal
vage the component.

There are occasions when a carburized area is
the site of a failure, and if the carburization was
not the primary reason for the failure, then some
times the localized area can be ground free of the
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cracking. When these two phenomena occur si
multaneously, they can result in severe cracking.

The rate of hardening is of primary importance
relative to the heating or cooling rate through the
hardening temperature range. Cracking is some
times found in age-hardenable alloys that are
slowly cooled or reheated through the hardening
temperature range in the presence of residual or
applied stress in a constrained condition. Prob
lems also arise when the welded structure is
heated through the aging temperature range on
its way to the solution temperature.

Strain-age weldability is dependent on both the
rate and the magnitude of the "I' precipitation
(Ref10).Figure 7 shows a plot of weldability as a
function of the (Ti + AI) content. Titanium and
aluminum are the "I' strengtheners in many su
peralloys. When the (AI+ Ti) level exceeds some
critical value, strain-age cracking becomes a sig
nificant problem. The base metal can be effec
tively protected against strain-age cracking by
welding in the overaged condition. This prevents
aging during reheating.

Unfortunately, the HAZ cannot be protected in
a similar manner. The welding process invariably
produces a HAZ thermal cycle, which puts some
of the age-hardening constituents into solution.
During slow cooling or reheating these constitu-

Fig. 7 Plotofaluminumcontent versustitaniumcontenllo indi
cate commercial nickel-base alloys that present weld

abilityproblemswhen (AI + Ti)contentexceeds6%. Source:Ref10
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Precipitation-Hardenable Nickel Alloys

These materials are characterized by their dis
tinctively high strength at room temperature
through about 705°C (1300 OF). They range in
alloy content from the virtually pure nickel-alu
minum Alloy 301 to nickel-copper Alloy K-500
through the nickel-chromium-iron Alloy 718
through the low-expansion nickel-iron Alloy 909.
They enjoy the commonality of strengthening by
heat treatment because of additions of alumi
num, titanium, and niobium. Table 6 lists se
lected precipitation-hardening alloys and their
chemistries.

Most of these alloys have good weld ability in
the annealed condition. Because of this, most are
formed machined and welded in the annealed
condition. They are then reannealed after weld
ing, and then aged to appropriate strength. The
various types and general weldability of age
hardened nickel-base alloys are summarized be
low. Typicalheat treatments are shown in Table 7.

Age-Hardeningy' Alloys

carburized layer and a successful repair weld
made. If the carburization did cause the failure,
then localized repair welding would probably
result in only a short extension of component life,
because failure in another area of the carburized
surface would undoubtedly occur quickly. This
example illustrates how inspection and examina
tion of the component is an important aspect
when deciding whether or not to make a weld
repair. Once the decision has been made that
repair welding is feasible, an area of the compo
nent should be ground clean and a test weld
made to determine whether the material can be
successfully welded. If this test is positive, then
the component should be thoroughly prepared
by grinding the surface, if necessary, and clean
ing it prior to actual repair welding. If groove
welding is necessary, then the previously de
scribed precautions concerning joint design
should be followed in order to provide room for
electrode manipulation.

The development and dispersion of a second
phase "I' precipitate during aging are made pos
sible by additions of aluminum, titanium, and
niobium. The "I' phase imparts great stiffness to
these materials at room temperature and up to
the upper limit of their aging temperature.

The age-hardening from "I' precipitation is also
the root cause of strain-age cracking in precipita
tion hardened superalloy welds. For cracking to
occur, the thermal cycle must allow sufficient
hardening for the imposed stress to cause crack
ing. Of equal importance is the imposed stress,
which must be sufficient in magnitude to initiate
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75 .------.------,---,-----, Secondary Carbide (y 1/)Alloys

A subset of the precipitation-hardenable high
temperature materials is the secondary-carbide
strengthened materials. These alloys have an
austenitic structure like the t' alloys, but do not
contain sufficient alloy content to precipitate y'
phase. Instead, they contain generous additions
of carbide-forming elements (such as chromium
and niobium), and a supersaturating amount of
carbon that allow precipitation of t" secondary
carbides for age hardening. These materials are
primarily used as centrifugally cast tubes. They
enjoy reasonably good weldability in the as-cast
condition, but usually require special precau
tions for welding after they have been in service.
Hardening is retarded in the y" alloys, and they
offer great latitude in methods for heating and
cooling parts. In contrast, alloys whose y' phase
is formed predominantly by nickel-aluminum-ti
tanium age more rapidly than those using nio
bium. As a result, y" alloys are less susceptible to
postweld strain aging cracking than the y' alloys.

This group of alloys has become extremely
popular in the chemical and petrochemical in
dustries for the processing of hydrocarbon com
pounds. Such alloys are typically fabricated in
the as-cast condition after being produced in a
rotating, water-cooled mold. This production
method, which incorporates rapid cooling, al
lows a supersaturated solution of carbon (0.40 to
0.45%)in nickel, chromium, and iron to retain the
carbon in solution. This condition allows suffi
cient ductility in the as-cast condition to provide
good weldability by most fusion processes.

Once the assembly has been fabricated, it is
normally put into service at temperatures of 760
to 1095 °C (1400 to 2000 OF). At these tempera
tures, the chromium (and sometimes niobium)
combines with the carbon in a solid-state diffu
sion process that results in the precipitation of
secondary carbides. These secondary carbides
provide a tremendous strengthening effect for
the intended high-temperature service.

It is interesting to note that welds made in these
alloys with near-matching composition welding
products suffer failure at less than half the rup
ture life of welds made with ERNiCrCoMo-1
(UNS N06617) type welding products (Ref12). In
addition, transverse stress-rupture specimens
welded with near-matching composition prod
ucts routinely fail in the weld itself, while those
welded with ERNiCrCoMo-1 products typically
fail in the alloy casting.

As might be expected, once these alloys have
precipitated their secondary-phase carbides,
their weldability decreases. Like the precipita
tion-hardenable, y'-strengthened alloys, these
materials undergo a drastic reduction in room
temperature ductility as a result of carbide pre-
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ents can reprecipitate, age harden, and produce a
crack-susceptible condition in the HAZ. This will
be the case regardless of the preweld heat treat
ment.

Alloy 713C. Some precipitation-hardenable al
loys often require welding in the aged condition.
Alloy 713C, for example, is a nickel-chromium
alloy with very high levels of aluminum and tita
nium that is used for gas-turbine vanes. It is nor
mally produced as a casting that precipitation
hardens during cool down. It is considered non
weldable by fusion processes. However, experi
ence has shown that blade and vane tips can be
restored by fusion weldingwith a nonhardenable
filler metal (ERNiCrMo-3) without cracking (Ref
11). Thus, crack-free welds can sometimes be ac
complished in very-difficult-to-weld materials
where residual shrinkage stresses can be kept
low and cooling rates are slow. Both conditions
occur naturally when welding on an edge.

Alloy 301.Preliminary work has shown similar
results when welding on nickel-aluminum Alloy
301 in the aged condition. This alloy exhibits high
mechanical properties and very good thermal
conductivity. If finds use in cooled glass molds
and plastic extrusion equipment. It can be readily
welded in the aged condition-fully restrained
when the recommended ductile ERNi-1 filler
metal is added. Also, autogenous, low-stress
welds (on an edge) can be made at high travel
speeds without cracking. However, when fully
restrained, autogenous welds are made in forg
ing stock at 200 to 250 mm/min (8 to 10 in./min)
travel speed, the cooling rate is so rapid that the
aluminum-rich weld pool contains numerous
large solidification cracks. Decreasing the travel
speed to decrease the cooling rate allows crack
free autogenous welds to be made.

Fig. 8 Plot of hardness versus time to show age-hardening ki
netics of selected nickel-base alloys. Source: Ref14
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cipitation. This result usually means that a secon
dary carbide-strengthened alloy cannot be
welded by fusion processes immediately after
service. It is customary to use a resolutioning heat
treatment for used tubes in preparation for weld
ing. Parts are exposed to 1095 to 1205°C (2000 to
2200 OF) for several hours, usually followed by a
forced-air cool (Ref 13). This practice restores
ductility to near as-produced levels, and allows
successful fusion welding without cracking of
the base metal.

Alloy 718 is the most prominent alloy of this
class. In an effort to improve the weldability of
precipitation-hardenable alloys, niobium was
substituted for large amounts of aluminum and
titanium. The result was nickel-chromium-iron
Alloy 718,which showed greatly improved resis
tance to PWSAC. With Alloy 718, thicknesses up
to 3.2 mm (1;8 in.) could be welded in the aged
condition and directly re-aged without cracking.
This combination of very high mechanical prop
erties and fabricability has earned Alloy 718 a
prominent spot in the aerospace industry.

Alloy 718does not undergo strain-age cracking
(Ref 11). The age hardening develops around a
NbNb, y", precipitate. The y" precipitates at a
much slower rate than the y'. This allows alloys
to be heated into the solution temperature range
without suffering aging and the resultant strain
age cracking. Figure 8 (Ref 14) compares the ag
ing rates of several y' alloys with those of alloy
718, which is strengthened with the t" precipi
tate.

Cast 718 microstructure is large grained
(ASTM 00) and very segregated. Interdendritic
sites in an alloy such as 718 can contain niobium
levels as high as 25 weight percent even though
the bulk composition is only 5 weight percent.
The segregation of Nb and other alloying ele
ments make the metallurgy of the investment
cast alloy considerably different than that of its
wrought counterpart of the same nominal com
position. Typically, these interdendritic sites con
tain a mixture of carbides and Laves phase,
which can be altered by the thermal cycles prior
to welding.

Other PHAlloys

Low-Coefficient-of-Expansion Alloys. This
group of precipitation-hardening alloys are also
generally welded in the annealed condition. In
this group of alloys, the chromium has been re
moved in order to maintain a low coefficient of
thermal expansion. The fabrication sequence in
cludes welding, annealing, heat treating, and in
some cases coating. The coating applied is usu
ally an oxidation-resisting ceramic coating.

Alloy 909 is the most prominent member of this
group. It is primarily used for seals and rings in
aircraft turbines. Its low coefficient of expansion
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allows close-tolerance designs, which increase
the fuel efficiency of gas-turbine engines.

Mechanically Alloyed Products. This group of
precipitation-hardening alloys have a remark
able advantage over conventional materials in
elevated-temperature stress-rupture strength.
This advantage is gained by the combination of
precipitation hardening and dispersion strength
ening.

These metals combine the high strength of the
precipitation-hardened alloys by use of y'
strengthening up to about 705°C (1300 OF) with
dispersion strengthening with yttrium oxide
(Y203) up to 1315 °C (2400 OF). These materials
are produced by a combination of the mechanical
forging of powder particles in a ball mill, fol
lowed by hot working and a 1315 °C (2400 OF)
thermal treatment. Joining these materials re
quires special precautions.

Dispersion strengthening of mechanically al
loyed products gives a significant strength ad
vantage over conventional dispersion-strength
ened and cast nickel-base alloys, but it also makes
weldability difficult. While they can undergo dif
fusion bonding or brazing with little loss in prop
erties, fusion welding produces a softened heat
affected zone (HAZ). This behavior is caused by
the agglomeration of the dispersoid Y203. In ad
dition, it.is not possible to produce a weld that
has properties similar to those of the alloys. Thus,
for most applications, the mechanically alloyed
products are joined mechanically, or diffusion
bonded, or brazed.

Weld Metallurgy

The weld metallurgy of precipitation-hard
ened nickel-base alloys centers on the precipi
tates used for age hardening (y' and y") and
those associated with solidification and solidifi
cation segregation (primarily, Laves and car
bides). Age hardening creates problems associ
ated with strain-age (that is, reheat) cracking,
while carbides and Laves phases can initiate
melting and cause cracking of heat-affected zone
(HAZ) grain boundaries. Basically, these two fac
tors influence the weld ability of wrought and
cast superalloys. Susceptibility to strain-age
cracking is due to the total Ti plus AI content of
the alloy and is generally controlled or caused by
the cooling rate in the heat affected zone (HAZ).
Liquation cracking is due either to the presence of
low melting constituents or constitutional
liquation of constituents.

Postweld Strain-Age Cracking. As already
noted, the major problem that occurs when post
weld heat treating the precipitation-hardenable
alloys is strain-age cracking. The susceptibility of
an alloy to strain-age cracking tends to increase
with an increasing aluminum and titanium con
tent. Alloys that contain niobium as a hardening
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Fig. 10 Effectof alloy composition (high alloy versuslow alloy
concentrations of iron, silicon, manganese,and sulfur

taken collectively) on the cracking tendency of postweld heat
treated Rene41. Source: Ref15
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Fig. 9 Effectof heating rate on the cracking tendency of solu
tion-annealed (beforewelding) Rene41 during postweld

heat treatment. Source: Ref15

element exhibit a sluggish aging response and
are therefore less sensitive to strain-age cracking.

Strain-age cracking for wrought and cast alloys
is an aspect of the 'Y ' aging reaction in the HAZ of
weldments. This reaction occurs during welding
or in subsequent heat treatment, but regardless of
the timing, it was caused by the precipitation of
'Y' in the matrix so strengthening the matrix that
all of the solidification strains of the weldment
were transferred to the grain boundaries in the
HAZ causing them to fail and form microcracks.
Elements which adversely affect strain-age crack
ing are C, S, and B. Carbides tend to be initiation
sites, while the mechanism for both Sand B ef
fects is unclear even though both have been cor
related with cracking (Ref15).

Prevention of Strain-Age Cracking. The most ef
fective means of preventing strain-age cracking is
to overage the material prior to welding or to use
controlled heating and cooling cyclesfor welding
and subsequent heat treatment. Strain-age crack
ing is more prevalent in highly restrained weld
ments or in the presence of high residual stresses.
Cracking is caused by the combination of stress,
precipitation strengthening, and the volumetric
contraction associated with 'Y' precipitation.
Guidelines to follow to avoid strain-age cracking
include:

Minimize residual and thermally induced
stresses by using the appropriate joint design,
welding process, and filler metal.
Heat as rapidly as possible through the region
of aging temperatures when stress-relief an
nealing.
Minimize heat input during welding to avoid
partial melting of grain boundaries adjacent
to the fusion line.
Heat treat in an inert atmosphere if possible;
the presence of oxygen tends to increase inter-

granular embrittlement, which can result in
cracking.
To avoid postweld strain-age cracking, al
ways stress-relief anneal before aging. For
heavy-section weldments in aluminum-tita
nium aged materials, multiple stress-reliefan
neals may be necessary during welding.
Avoid welding on material with rough or
poor surface conditions.

Strain-Age Cracking Susceptibility Curves. The
circular-patch test is a high-restraint weld test
that can be used to evaluate the sensitivity of an
alloy to strain-age cracking. The test, when used
with thermal treatments, can be used to produce
crack-susceptibility C-curves. These are so
named because of the characteristic "C" shape of
the temperature-time space that separates the
cracked from the uncracked behavior of this rate
process. Figure 9 shows that, for a given C-curve
behavior, different heating rates can produce
cracked or uncracked plates. Figure 10 shows
alloy chemistry variations that can affect the
crack sensitivity of a given alloy.

HAZ Liquidation Cracking. Liquidation
cracking occurs when two phases (that are in
contact with one another and are individually
stable in the temperatures normally experienced
in the HAZ of the weldment) melt below the
solidus temperature of either phase. Constitu
tionalliquation is due to compositional gradients
around one phase (such as carbon around car
bides), which cause a melting point depressant to
be present in the matrix surrounding the particle.

Phases that form during solidification, such as
MC carbides and Laves phases, have the poten
tial to initiate melting in the HAZ during welding
and spread along the grain boundaries. The melt
ing, often termed liquation, occurs because of a
reaction between the dissolving precipitate and
the matrix. When this melting is accompanied by
sufficient thermal stress, cracks can form along



Properties of Nickel-Alloy Welds / 347

0.021 wt%,--+----+----l

Welding should take place when the alloyhas
undergone some combination of the solu
tioned and/or homogenized conditions, fol
lowed by rapid cooling (direct quenching
should be avoided). These heat treatments
minimize impurity concentration on the grain
boundaries

Liquation is not necessarily caused by impuri
ties. Impurities magnify the problem by:

Effect of Impurities. Elements that have been
identified as potential sources of liquation crack
ing are sulfur, phosphorus, boron, and lead. It
has been suggested that if the impurity level re
strictions shown below are observed, increased
liquation cracking will notbe observed (Ref7and
17):

Increasing the wetting of the intergranular
liquid (Ref23)
Depressing the solidus temperature
Forming low-melting-point precipitates/eu
tectics
Increasing the amount of liquidpresent on the
grain boundaries

Sulfur and carbon provide a unique case.When the
carbon content is increased in alloy 718, the
amount of carbide and the potential for liquation
cracking both increase (Fig.11). If the sulfur con
tent is increased, the potential for liquation crack
ing also increases about the same amount for both
carbon levels (Fig.11).One reason for the increased
cracking susceptibility with sulfur is that the sulfur
becomes trapped between the carbide and the ma
trix during casting. A high sulfur level reduces the
solidification temperature of the carbide and ap-

0.015
0.015
0.02
0.005
0.005

Composltion, wt%
(maximum)

Sulfur
Phosphorus
Silicon
Oxygen
Nitrogen

Element

The original work done by Pease (Ref18), Ow
czarski (Ref 19), Yeniscavich (Ref 20), Canonico
(Ref 7, 17), and others regarding tramp elements
such as sulfur, phosphorus, lead, etc. is still a
good guideline to follow with respect to cast al
loy tramp element limits. The list of tramp ele
ment limits derived from this work has also been
tested by statistically designed experiments with
the cast alloys 718 and Rene 220C by Kelly (Ref
21,22). It has been shown to be adequate to pre
vent HAZ microcracking due to tramp element
content.

Fig. 11 Plotoftotalcrack length versus sulfur content as a func
tion of two selected bulk carbon levels to show mi

crofissuring susceptibility of cast alloy 718. Source: Ref 23

Grain size should be minimized
If precipitates are desired for grain size con
trol, solidificationprecipitates such asMC car
bides should be used. These will minimize
liquid penetration into the HAZ and promote
backfilling and healing of cracks, because
their liquation temperature is similar to that of
the mushy zone
The amount ofprecipitate that liquates should
be minimized. Ifa particularly difficult crack
ing problem cannot be resolved any other
way, then increasing the amount of precipi
tate may produce enough liquation to initiate
backfilling from the mushy zone and promote
healing of cracks
Impurity content should be minimized

0.002 0.004 0.006 0.008

Sulfur, wt%

the HAZ grain boundaries, and extend into the
fusion zone. Such cracking may be termed
liquation cracking, hot cracking, or microfissur
ing.

Liquation cracking occurs when an alloy con
taining a susceptible second phase is heated at
such a rate that the second phase cannot dissolve
before the alloy reaches a system solidus that
causes melting. This melting will invariably oc
cur at the interface between the precipitate and
the matrix. The molten liquid will spread along
the grain boundaries if its solute is soluble in the
matrix or if there is sufficient impurity to enhance
wetting (Ref 16). This liquation can occur below
the system solidus and thus be located remotely
from the HAZ mushy zone. Such a location pre
vents backfilling and promotes liquation crack
ing.

The fact that liquation from precipitates can
extend well away from the fusion zone not only
increases the chance of liquation cracking but
also increases the potential length of the crack,
accentuating the stress intensity of the crack.
Welding parameters and fabrication sequence
can often be adjusted to reduce the possibility of
liquation cracking. In addition, there are several
metallurgical conditions that minimize HAZ
liquation cracking:



348/ Engineering Properties of Welds

Table 8 The composition of several common nickel-base superalloys used in structural casting application

Alloy Ni Cr Fe Co Mo Cb W Ti AI C B Si T_ HE

718 bal 19 18 3 5 1 0.5 0.02 O.OOS 0.02
713 bal 12 4 2 0.8 6 0.12 0.012
903 38 bal 15 3 1.4 0.9 0.02 0.01 0.1
909 38 bal 13 4.7 1.5 0.3 0.02 0.01 0.4
938 bal 16 8.5 1.8 0.9 2.6 3.4 3.4 0.17 0.01
939 bal 22 19 1 2 3.7 1.9 0.15 0.01
R41 bal 19 1.5 10.5 10 3.0 1.5 0.07 0.01 0.2
R220C bal 18 12 3 5 1.0 0.5 0.02 0.004 3
B1900 Proprietary composition
R108 bal 8.5 9.5 0.5 9.5 0.7 5.5 O.OS 0,015 3 1.5

F' 12 Plot of total crack length versus carbon content as a
Ig. function of selected heat treatments for cast alloy 718

containing 0.009% S to show microfissuring susceptibility of the
material
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and they all contain Ti or AI the reactions of
importance are narrowed considerably.

Cieslak (Ref 30) studied the solidification of
alloy 625,a nickel-base alloy containing relatively
little Nb and practically no Ti or AI.In this report,
alloy 625 even with reduced Si, but with just 3.5
weight percent Nb continued to have the Ne2Nb
laves phase as its terminal solidification phase.
This presents the situation in which the final as
cast structure of Nb containing cast nickel-base
alloys would be expected to have the laves phase
eutectic reaction present in the HAZ of any weld
ment. The presence of Laves phase in the HAZ
leads to a eutectic reaction with the nickel matrix
that can result in HAZ microcracks. Furthermore,
prior to the formation of the laves phase, this
alloy formed NbC carbides which would provide
a means of generating a carbide constitutional
liquation reaction in the absence of laves phase.
Knorovsky (Ref31)showed that in alloy 718both
the laves phase and NbC formed on solidifica
tion, while Baeslack (Ref32,33) has shown that a
NizTa laves phase can form in Ta containing al
loys. Owczarski (Ref 34, 35) has identified car-

pears to increase the wetting of intergranular liq
uid in the HAZ during cooling (Ref24).

hnpurities may also affect the response of
liquation cracking to heat treatment. Heat treat
ment has been shown to have either an adverse
or a beneficial effect on liquation cracking (Ref25,
26,27). This has been shown for alloy 718(Fig.12)
to be a function of carbon content.

This effect might be partially explained by the
change in impurity distribution (in this example,
sulfur) during heat treatment (Ref 28,29). Sulfur
moves from the carbide matrix interface onto the
grain boundaries during age-hardening treat
ment. Simultaneously, liquation cracking in
creases during heat treatment. Conversely, the
solution-anneal heat treatment cleans the grain
boundary of any residual sulfur and reduces the
potential for liquation cracking. Many other met
allurgical events occur simultaneously during
these heat treatments, and it has not been shown
conclusively which of these events (if not all)
affect cracking.

Cast Nickel-Base Superalloys

Cast nickel-base superalloy welding metal
lurgy is complicated by the various alloy chemis
tries, heat treatment conditions and casting cool
ing rates which develop the starting cast plus
heat treated microstructure prior to welding.
Many castings are hot isostatically pressed (HIP)
prior to welding and some are extensively solu
tioned after HIP and prior to welding. Therefore,
the starting structure can be composed of any
thing from a fully solutioned gamma alloy with a
few carbides to a composite of carbides, laves
(Ni,Cr,Fe)2 (Nb,Ta, Ti, Mo), delta (Ni3Nb),
gamma prime Ni3 (AI,Ti,Cb) and gamma double
prime Ni3Nb. Be it carbide, laves or delta, each
presents its own particular liquation reaction
temperature and mechanism with the Ni matrix
material. However, since most of the alloys of
concern (Table 8) contain either Nb (718,909,939,
713and R'220q or Ta (R'220C,B1900, and R'108),
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Fig. 13 Baeslack's diagram of the effect of changing from Nb to Ta as the main hardener in alloy 718; note, that as the laves eutectic
temperature risesIhe maximum crack length (Mel) is shortened

bides in several alloys and Pease (Ref 18) has
stated that Zr will form low melting phases in
nickel-base alloys. In the alloys containing a total
of greater than 4 weight percent Ti plus Al the
normal strain-age cracking problem reported for
wrought alloys would also be a concern if
liquation cracking is avoided. Strain-age cracking
can occur in the fusion zone or HAZ of cast al
loys.

Effect of Boron. From recent work (Ref21,22),
boron has been determined to be the most influ
ential element in the microcracking of the HAZ in
structural castings of nickel-base superalloys.
However, even though boron has been estab
lished as a potent element in the HAZ mi
crocracking of cast nickel-base superalloys, it
cannot be dispensed with since it is required in
the nickel-base superalloys for intermediate tem
perature strength and ductility. Therefore a
means of coexisting with the presence ofboron in
the alloys is required. It appears that boron on its
own does not rupture the grain boundaries of the
HAZ; however, it is directly involved in an as yet
undefined reaction that prepares the HAZ grain
boundaries to be wet by any low melting con
stituent that is present. The low melting constitu
ent can then spread along the grain boundaries
lowering their resistance to the inevitable solidi
fication stresses and strains that will develop and
cause microcracking.

Liquation Reactions. Baeslack (Ref32, 33) has
shown that by increasing the eutectic reaction
temperature of the alloy system the tendency for
HAZ micro cracking will drop in correlation to
the increase in eutectic reaction temperature. By

replacing Nb with Ta in alloy 718 the eutectic
reaction temperature increases from 1185 °C
(2165 OF) to 1225°C (2237OF) and according to the
diagram in Fig. 13, the maximum crack length
should decrease accordingly, which it does, with
2% augmented strain in the spot varestraint test,
from 1.21 rom to 0.92 rom. Therefore, HAZ mi
crocracking is apparently a function of both the
boron on the grain boundaries and the lowest
liquating temperature phase reaction available in
the system. In the absence of a laves phase eutec
tic then carbide constitutional liquidation would
be the controlling species for HAZ microcracking
with the maximum crack length expected to be
equal to the temperature profile which would
permit the liquated material to remain molten on
the grain boundaries.

Kelly (Ref 21) has shown that liquidation of
carbides in the HAZ of nickel-base superalloy
weldments occurs at higher temperatures than
the laves phase eutectic reaction in alloy 718 and
it is likely that this would be true in other laves
containing alloys. However, an alloy such as
Rene 108 would be more likely to develop HAZ
microcracks due to HfC constitutionalliquation,
due to the absence of sufficient amounts of Nb
and Ta to form laves phase. In the absence of
large amounts of Ti and Al to cause strain-age
cracking in the HAZ, the most potent elements
(not including the normal tramp elements S, P,
etc.) would be B in conjunction with Nb or Ta
from a laves phase reaction, followed by Nb, Ta,
Ti, Cr carbides in constitutional liquidation reac
tions.
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cific coefficient of thermal expansion, thermal
conductivity, electrical resistivity, and thermal
fatigue resistance (Ref39).

An example of a filler-metal-added dissimilar
weld for high-temperature service can be found
in hydrogen furnaces. In many applications, cen
trifugal-east, secondary-carbide-strengthened fur
nace tubes are welded to collection headers of
UNS 08800 using ERNiCrCoMo-l, to achieve a
combination of strength, ductility, and corrosion
resistance. An example of a successful auto
genous dissimilar weld is the weld used in the
manufacture of internal combustion engine tur
bochargers. In some of these, the difficult-to
weld Alloy 713C is friction-welded to an HSLA
steel shaft such as 4340. Such a design economi
cally uses the high-strength precipitation-har
denable alloy only where its high-temperature
strength and corrosion resistance are needed.

Clad Metals and Overlays. A similar set of
considerations also applies to filler metal selec
tion for welding clad materials and for overlay
cladding by welding. First, the materials selected
must be capable of being mixed during welding
without resulting cracks, and second, the result
ing weldment must perform well in the intended
service.

In overlay cladding and the welding of clad
materials, the alloy contribution of the substrate
to the final weld composition must be consid
ered. For instance, if a one-layer overlay on steel
is desired to have a minimum of 50 wt% Ni and
15 wt% Cr, and the chosen welding process
yields 20 wt% dilution, then a filler metal with
approximately 70wt% Ni and 20 wt% Cr must be
selected. In this case, ERNiCr-3 filler metal,
which has 18 to 22 wt% Cr and 67 wt% (min) Ni,
would yield a single-layer overlay chemistry of
16 wt% Cr and 54 wt% Ni.

Likewise, if two clad plates are to be welded
together, it is usually desirable that the weld have
a slightly richer alloy content than the cladding.
In order to achieve this condition, a welding
product of considerably higher alloy content
than the cladding must be selected to allow for
the dilution by the substrate. For example, refin
eries often use steel tubing with the inside surface
clad with UNS08825for elevated-temperature re
sistance to H2S. This alloy cladding contains 42
wt% Ni, 20 wt% Cr, 3 wt% Mo, and 1 wt% Ti. In
order to achieve a slightly enriched weld compo
sition, it is welded using ERNiCrMo-3, which
contains 60 wt% Ni, 22 wt% Cr, and 9 wt% Mo.

Repair Welding (Ref 40). If service conditions
such as corrosion have rendered the material un
weldable, the corrosion layers must be removed
or neutralized. The precipitation-hardenable al
loys and the secondary-carbide-strengthened al
loys usually must have weldability restored by
thermal treatment before repair is attempted.
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Fig. 14 Effectof heattreatmenton Cast718 weldability. Plot of
spot varestraintcracks versusheat treatment for castal

loy 718 using 2% augmented strain

Effects of Thermal Cycles. The welding metal
lurgy of cast nickel-base superalloys is further
complicated by the fact that most castings are
heat treated in some manner prior to welding.
Furthermore, most of the thermal cycles are con
sidered proprietary and therefore, not usually
discussed in the literature. However, in alloys
such as cast alloy 718 as shown in Fig. 14, it
appears that the lower the thermal cycle, as long
as it is sufficient to relieve casting stresses, the
better for welding, in terms of HAZ microcrack
caused by liquation. Although if the alloy is
prone to strain-age cracking the general ap
proach is to weld in the over aged rather than the
fully aged or solutioned condition in order to
avoid strain age cracking in the HAZ.

Dissimilar Metals. The welding of dissimilar
metals has been amply discussed (Ref36-38).The
materials discussed in this article have reason
ably good dissimilar weldability provided the
dissimilar alloy is not too different in liquidus
and solidus temperatures and other charac
teristics important to sound weldments. Most
nickel-base alloys can be readily joined to steel,
high-strength low-alloy (HSLA) steels, stainless
steels, and other nickel alloys. A high-tempera
ture nickel alloy filler metal is often used to make
such dissimilar joints. Design and filler metal se
lection criteria usually include strength, corro
sion resistance, and dilution tolerance of the filler
metal for the elements present in the metals to be
joined. In some cases, special design considera
tion is given to selecting filler metals with a spe-

Special Topics



In some cases, the usefulness of a part can be
restored without a 100% joint-efficient weld de
sign. In the example of worn turbine blades,
greatly extended service can be attainedbyrepair
welding without reannealing by using a lower
strength but more ductile filler metal.

In yet other applications only a small part of a
welded assembly may have become inoperative
due to corrosion or tertiary creep. In these situ
ations, it is highly desirable to remove the dam
aged portions, remove corrosion deposits, re
store weldability if necessary, and select a
suitable filler metal. Then, the assembly can be
successfully repaired with a proven welding pro
cedure to provide the desired extension in service
life.

Alternatively, corrosion attack such as oxida
tion or carburization may have completely pene
trated the full thickness of all parts. In such cases,
attempts to repair the weld will be unsuccessful.
In addition, the formation of extensive creep
voids or thermal-fatigue cracking may have per
meated the materials to such an extent that repair
welding is impossible. In these cases, good diag
nostic analysis is important for preventing
wasted effort when attempting to repair parts
than cannot be salvaged.

Cobalt-Base Alloys. Cobalt behaves much like
nickel in some respects. The fusion-welding char
acteristics of fcc-stabilized cobalt-base alloys are
virtually identical to those of nickel-base alloys,
because of similarities in melting range and
physical properties. The only welding proce
dural idiosyncrasy of cobalt-base alloys relative
to nickel is the potential for heat-affected zone
(HAZ) cracking caused by copper surface con
tamination. Even minuscule amounts of copper
inadvertently transferred to the surface of a sheet
or plate will cause cracking if the contaminated
surface corresponds to a HAZ of a subsequent
weld (Ref41).Cracking is caused by liquid-metal
embrittlement (LME). Copper and cobalt are
relatively insoluble in each other and form a clas
sic LME couple (Ref 42). Nickel and copper ex
hibit 100% solid solubility; hence, nickel-base al
loys are not prone to copper contamination
cracking in the HAZ. Copper jigs and fixtures,
especially those used in sheet welding, are a po
tential source of copper contamination. Chro
mium or nickel plating of copper fixtures will
minimize the potential for inadvertent copper
transfer when welding cobalt alloys.

Cobalt-base alloys are generally welded using
a filler-metal composition that matches the com
position of the base material. Like low-carbon
nickel-base alloys, cobalt alloys have relatively
good resistance to fusion-zone (FZ)solidification
cracking. The lower the carbon content, the
greater the resistance to hot cracking. Boron is
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particularly deleterious as a residual trace ele
ment and can cause welding problems.

Cobalt-chromium alloys with relatively low
nickel or iron content (for example, UNS alloy
R31233) exhibit unique mechanical property
characteristics in the as-welded condition. Weld
ments are characterized by high strength and low
ductility, because of stress-induced localized
transformation from a fcc crystal structure to a
hexagonal close-packed (hcp) structure (Ref 43).
The transformation products are not visible in
optical photomicrographs. Instead, thin-film
electron microscopy is required to detect the hcp
phase.
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Chapter 18

Properties of Refractory
Metal Welds*

Welding Processes

Tantalum and its alloys can be welded by gas
metal arc welding (GMAW), gas tungsten arc

shields help reduce atmospheric contamination
due to oxidation. Fixturing devices also should
not come in close contact with the weld joint.
Tantalum melts at 3000 °C (5430 OF); conse
quently, fixture materials may melt and alloy
with tantalum to produce brittle welds. Graphite
should not be used as a fixturing material, be
cause it reacts with hot tantalum to form car
bides, which also cause brittleness.

Tantalum cannot be welded to common struc
tural metals because they form brittle intermetal
lie compounds, which in tum embrittle the
welds. Tantalum can be welded to other reactive
metals, with which it forms solid-solution alloys
that are harder than tantalum but have usable
ductility. Listed below are some typical tantalum
alloys. These alloys are basically solid-solution
strengthened with additions of tungsten, nio
bium, hafnium, rhenium, and carbon.

THE REFRACTORY METALS, which include
niobium (also called columbium), tantalum, mo
lybdenum, tungsten, and rhenium, have the
highest melting temperatures and lowest vapor
pressures of all metals, except osmium and irid
ium. The refractory metals are readily degraded
by oxidizing environments at moderately low
temperatures, a property that has restricted the
applicability of the metals in low-temperature or
nonoxidizing high-temperature environments.

This article discusses the weldability and fu
sion weld properties of refractory metal alloys.
These alloys are discussed in order of decreasing
weldability: tantalum, niobium, rhenium, molyb
denum, and tungsten.

Tantalum Alloys

Tantalum and its alloys have good weldability,
provided the welds and the heated base metal are
free from contamination. Carbon, oxygen, nitro
gen, and hydrogen all actively react with tanta
lum, typically forming intermetallics that lead to
weld embrittlement. Tantalum also is extremely
reactive at temperatures above 315°C (600 OF);
consequently, great care must be used to prevent
contamination from shop oils and dust as well as
from gases in air. Tantalum oxidizes readily at
345°C (650OF).

Although tantalum and its alloys are generally
considered to have the best weldability of the
refractory metals, the formation of brittle inter
metallics makes it difficult to weld. Trailing

Alloy

Tal0W
FS63
r-m
T-222
Astar811C

Nominal
composition, %

Ta-l0W
Ta-2.5W-O.15Nb

Ta-8W-2Hf
Ta-l0W-2.5Hf-Q.OlC

Ta-8W-lRe-Q.7Hf-O.025C

*Adapted from ASM Handbook, Volume 6 (1993),and MetalsHandbook, 9th edition, Volume 6 (1983)
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welding (GTAW), plasma arc welding, and elec
tron-beam welding processes. Resistance spot
welding of tantalum is also feasible, but adher
ence and alloying between copper alloy elec
tr(')4~ and tantalum sheet is a problem. Welding
of tantalum is similar to welding of titanium and
zirconium with respect to equipment and tech
nology. Other joining processes for tantalum al
loys include solid-state diffusion bonding, fric
tion welding, brazing, and explosion bonding
(Ref 1). Electron beam welding is used in critical
applications.

Tantalum usually is welded by GTAW. Unal
loyed tantalum can be welded with inert gas
shielding on both sides of the weld using the
same techniques that are used to weld titanium
and zirconium. Because of potential contamina
tion, great care must be used in the preparation
of the metal and the weld joint. Inert gas shield
ing of the molten pool and the heated part of the
metal at temperatures above 315°C (600 OF) is
also necel'sary. 'None of the tantalum alloys
should be welded with localized shielding.

Tantalum and its alloys are welded in vacuum
purged weld chambers that are backfilled with
either argon or helium, or a mixture of the two
gases. Tantalum can also be welded in a flush
chamber when the parts to be welded cannot be
shielded properly for open-air welding.

Fluxes cannot be used because they cause weld
embrittlement. For welding with localized
shielding, torches should be used that provide a
lamellar gas flow from the torch to the work.
Direct current electrode negative with thoriated
tungsten electrodes (EWTH-l or EWTH-2)
should be used. Neither preheating nor postweld
heat treatment is required for unalloyed tanta
lum. However, some of the alloys do require
annealing to restore ductility.

Surface Preparation. Tantalum weldments
must be chemically clean and free of oxide scale
prior to welding. Joint preparation should in
clude machining, and rough edges should be
filed smooth. The joint should be tight-fitting and
restrained to prevent opening during welding.

Heavy oxide should be removed by abrasive
blasting or grinding, followed by pickling. Tanta
lum surfaces free of heavy oxide should be deter
gent or solvent cleaned and pickled. Tantalum
should be pickled in an acid mixture of 10 to 20%
hydrofluoric acid, 30 to 40% nitric acid, and the
balance water.

Weld Properties

Fusion Zone Microstructure. The fusion zones
generally contain large grains and, in the absence
of hafnium, cellular substructures (Ref 2). The
proportion of large grains is higher in alloys with
low alloy contents, because of a narrow freezing
range (Ref3) and a single-phase structure. Metal-

lographic sections along the cell growth direction
typically consist of nearly parallel grain bounda
ries. However, transverse sections show hexago
nal cells. Increasing alloy content produces a
more delineated substructure (Ref 2). Extensive
carbide precipitation at grain boundaries can
lead to severe embrittlement after a silicide coat
ing procedure in certain weld configurations in
Ta-lOW alloy (Ref4).

Ductility. Differences in grain size or cell size
do not appear to strongly affect ductility, but
material quality, or impurity concentration, does
have an influence. High interstitial contents in
the alloys can lead to a large concentration of
micropores. Only in special carbon-containing
Ta-5W-2.5Mo alloys does weld hardness influ
ence ductility (Ref2). Ductility is reduced in sur
face-ground welded specimens. Welds in Ta-5W
2.5Mo and Ta-l0W-2.5Mo have excellent bend
ductility at room temperature.

The GTAW process results in an increase in
sheet bend transition temperature in Ta-8W-2Hf,
Ta-l0W, and Ta-9.6W-2.4Hf-0.01C (T-222), with
the highest increase being in the T-222 material
(Ref 3). With an increasing tungsten content, al
loys become brittle at room temperature (Ref 2).
A postweld heat treatment of 1 h at 816°C (1500
OF) can significantly reduce the 2t bend transition
temperature for welds produced by the GTAW
process. The bend transition temperature is the
lowest temperature below which cracking devel
ops in a weld bent at a radius of 2t (twice the
thickness of the sheet) with an angle of at least
90°. Welds produced by electron-beam welding
(EBB), however, have slightly higher transition
temperatures (Ref 2). Under elevated-tempera
ture exposure, there is considerable grain
growth, which reduces the cellular fusion zone
substructure. This leads to an increased impurity
concentration at grain boundaries. In alloys sus
ceptible to impurities, elevated-temperature ex
posure leads to a decrease in ductility. Generally,
total metallic alloy contents of less than 10 at.%
produce ductile welds, whereas alloy contents of
greater than 13at.% produce brittle welds (Ref2).

Tensile Properties. A postweld heat treatment
of 1 h at 816°C (1500 OF) reduces the susceptibil
ity of tantalum-tungsten-molybdenum alloys to
premature tensile failure (Ref2).Joint efficiencies
of welds in wrought material are lower than
those of welds in recrystallized materials. How
ever, room-temperature tensile strengths of
welds in wrought material are higher than those
of welds in recrystallized material. The tensile
strengths of welds drop very sharply above 1649
°C (3000 OF). Tensile strengths decrease with an
increase in tungsten content, whether testing is
conducted at room temperature or at elevated
temperatures. In general, tensile strengths de-
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NOTES: - OPEN SYMBOLS, SOLID LINES FOR
BASE METAL.

10 SOLIO SYMBOLS, BROKEN LINES FOR
WELD METAL.

SYMBOLS ARE OFFSET FROM TEST
TEMPERATURE WHERE NECESSARY.

Nominal
composition, %

Nb-1Zr
Nb-SMo-SV-12
Nb-10Hf-lTi

Nb-lOW-10Hf+O.1Y
Nb-lOW-25Zr

Nb-27fa-lOW-1Zr
Nb-10W-10Ta

Nb-17W-3.5Hf-O.12C-o.035i

Alloy

Niobium and its alloys are easily welded. Nio
bium is similar to tantalum; the major differences
are its density, which is half that of tantalum, and
its lower melting point (2478 °C, or 4474 OF).
Niobium is a reactive metal that combines readily
with oxygen, nitrogen, hydrogen, and carbon at
temperatures above 400°C (750 OF). Conse
quently, precautions should be taken to shield
the top and heated root side of the weld from
contact with air until cooled below 400 °C (750
OF).

Unalloyed niobium and most niobium alloys,
even alloys containing up to 11% W, have good
weldability. Most niobium alloys are intended
for use in aerospace or nuclear applications. They
are solution strengthened and are welded in the
fully annealed condition. Niobium alloys are
stronger and less ductile than unalloyed niobium
and consequently are much more sensitive to
contamination from the air during welding and
heat treating. Listed below are some typical nio
bium-based alloys that usually are available in
sheet or plate form:

Niobium and its alloys cannot be welded to
other structural metals such as steel, copper, and
aluminum; the resulting welds are brittle.

Welding Processes

Niobium alloys. can be easily welded by the
GTAW, electron-beam and laser-beam welding
(LBW) processes, either autogenously or with
matching filler metals in inertatmospheres. Gas
tungsten arc welding is the most commonly used
method of welding niobium and its alloys. Unal
loyed niobium can be welded with inert gas
shielding on both sides of the weld in the same
manner as titanium using the same equipment,
procedures, and precautions.

Fluxes cannot be used because they cause se
vere weld embrittlement. Niobium can be
welded both by manual and automatic proce
dures provided that adequate inert gas shielding

Niobium Alloys

tion and at the HAZ in gas-tungsten arc welded
tantalum (Ref 7).

Cb1Zr
B66
C103
C129Y
Cb7S2
FS-85
SCb291
5U31

1300 1400

2100
TEST TEMPERA TURE. of

I I
1000 1100 1200

TEST TEMPERATURE, °c

Elevated-temperature tensile strength of annealed base
metal and tantalumalloyarc welds.Source:Ref3

Fig. 1

60

crease exponentially with an increase in testing
temperature (Ref 3) (Fig. 1).

Effect of Interstitial Impurities. Interstitial im
purities can strongly influence the properties of
welded tantalum materials. The average weld
bend ductility is lower for gas-tungsten arc welds
in low-interstitial-content materials. Generally,
tantalum alloy sheet must have a low interstitial
level (less than 100 ppm) to be weldable. Carbon
contents of less than 100 ppm or hydrogen con
tents of less than 17 ppm do not significantly
affect weld ductility (Ref 2).

Effect of Welding Conditlons, Welding condi
tions can also be used to control properties in
tantalum and its alloys. ill low-interstitial-con
tent sheets, arc travel speed and energy input do
not appear to influence ductility. In high-intersti
tial-content sheets, ductility is better at high
travel speeds (12.7 to 31.75 mm/s, or 30 to 75
in./min) and low energy inputs (98to 118JImm,
or 2500 to 3000 J/in.) (Ref2).

Effect of Arc Oscillations. Arc oscillation has
been found to reduce the columnar structure in
the fusion zone (Ref5), which promotes ductility.
However, there is an optimum frequency that
produces an equiaxed structure. If this frequency
(10 Hz) is exceeded, then elongated grains result
(Ref 5,6).

Increased energy input results in larger heat-af
fected zone (HAZ) grains and fewer nucleation
sites for fusion zone grains (Ref 2). There is an
increase in hardness at the areas of metal deposi-

70
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is employed. Niobium alloys are best welded in a
vacuum-purged chamber that is backfilled with
argon or helium to avoid contamination from the
air. Vacuum chamber weld procedures and proc
esses are the same as for titanium and zirconium.

In special cases, resistance welding (RAW),
plasma arc welding (PAW),hot pressure welding
(HPW), and explosion welding (EXW) can be
considered. Gas metal arc welding is used rarely
and only in a vacuum-purged chamber. Electron
beam welding is used for critical applications,
such as gas turbines and rocket motor parts,
where maximum strength and ductility are re
quired.

Niobium alloys are best welded in vacuum
purged chambers backfilled with argon, helium,
or a mixture of both. Direct current electrode
negative should be used. High-frequency arc in
itiation should be used to avoid tungsten elec
trode contamination. Tungsten electrodes should
be the thoriated tungsten type (EWTH-l or
EWTH-2). Neither preheating nor postweld
stress relieving is required. Age-hardened alloys
should be annealed after welding to restore duc
tility.

Surface Preparation. The weld joint and the
surfaces on both sides at least 25 mm (1 in.) from
the joint must be chemcially clean when welding
niobium, much like when welding titanium. If
the surfaces have been oxidized by exposure to
temperatures above 260°C (500 OF), the oxide
scale should be removed by abrasive blasting,
grinding, or machining.

Surfaces that are free of oxide scale can be
cleaned by first degreasing with alkaline deter
gent or suitable solvents, followed by pickling in
an acid mixture of 10 to 20%hydrofluoric acid, 30
to 40% nitric acid, and the balance water. Pickling
should be followed by water rinsing and air dry
ing.

Weld Properties

Atmospheric contamination is a major cause of
the embrittlement of niobium alloy welded
joints. To avoid significant increases in the duc
tile-to-brittle transition temperature (DBIT) of
welds (caused by interstitial contamination),
welding atmospheres should have less than 600
ppm oxygen, 300 ppm nitrogen, and 150 ppm
hydrogen.

Effect of Microstructure. The DBIT of welds is
also influenced by microstructural changes re
sulting from weld thermal cycles. The size of the
HAZ and grain growth in this zone are major
factors that affect the ductility of welds. Welding
conditions that tend to increase the size of the
HAZ, as well as the grains within it, will result in
an upward shift in the transition temperature of
welds. Furthermore, alloys with different

strengthening mechanisms respond differently
to weld heat input.

The solid-solution alloys, such as Nb-lZr and
Nb-l0W-10Ta (SCb-291) show a continuous duc
tility loss with an increasing HAZ size and fusion
zone grain size. A heat input limit, above which
ductility impairment occurs, exists for solid-solu
tion plus dispersion-strengthened alloys, such as
Nb-lOW-2.5Zr (Cb-752), Nb-27Ta-l0W-lZr (F5
85), Nb-lOW-IZr-0.2C (D-43), and Nb-5Mo-5V
lZr (B-66). To reduce the tendency of grain
growth in the HAZ and fusion zones, a high-en
ergy-density welding process, such as EBW, is
often more advantageous than GTAW.

Effect of Welding Conditions. The alloy Nb
lZr can be easily welded using arc welding and
EBWprocesses. The alloy B-66 has a hot tearing
tendency during arc welding, which makes both
manual and automatic welding more difficult.
High-speed arc welding of Nb-l0W-lOHf + Y
(C-129Y) will cause gross shrinkage defects in the
welds. Welds of D-43Yhave the tendency to hot
tear along the weld centerline and crack during
welding. This factor, in conjunction with un
modified D-43,tends to produce high porosity in
the weld.

Several alloys are temperature limited with re
spect to thermal stability. Welds of D-43 tend to
lose strength with increasing aging time and tem
perature. Design stresses need to be reset for
long-term applications of welded joints at tem
peratures above 1095 °C (2000OF). During high
temperature aging, SCb-291 and B-66 welds
gradually lose ductility, because of grain growth
in both the weld and the HAZ.

Rhenium Alloys

The weldability of rhenium is better than that
of tungsten and molybdenum, but is slightly less
than that of tantalum. Rhenium welds typically
demonstrate a large degree of ductility. The only
problem that can be encountered is porosity,
which often occurs from welding a powder met
allurgical product. It has been proposed that
tungsten and molybdenum be alloyed with rhe
nium to improve both room-temperature ductil
ity and weldability. The binary alloy of molybde
num with 50% rhenium can be easily welded
using the GTAW and EBWprocesses. The welds
retain nearly the same strength as the base metal
and have good ductility.

Molybdenum and Tungsten

Molybdenum and tungsten metals and alloys
may be joined by resistance, diffusion, inertia,
friction, explosion, laser, and electron-beam
welding and brazing. Each of these techniques
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(1) are arranged in a body-centered cubic (bee)
lattice,

(2) melt at very high temperatures,
(3) have a tendency to form relatively coarse

grained microstructures during solidification
or recrystallization, and

(4) are strain-rate sensitive.

offers advantages for joining particular items
based on the design of the items and the desired
mechanical properties of the weldment. Four in
herent characteristics of molybdenum and tung
sten are of significance to welding because of
their effect on the mechanical properties of the
resulting weldment. Molybdenum- and tung
sten-based metals:

The exact manner and extent to which these char
acteristics affect weldment mechanical properties
is described briefly below.

Metals with bee crystal lattice tend to be more
sensitive to the presence of interstitial atoms (for
example, oxygen, carbon, and nitrogen) than
metals with face-centered cubic structures (Ref
5). Molybdenum and tungsten are particularly
sensitive because of their low solid solubility for
interstitials as compared to iron, niobium, or tan
talum (Ref 6). Excessive interstitial contamina
tion results in reduced ductility. The strength,
ductility, and toughness of a metal tend to be
inversely proportional to the grain size (follow
ing the Hall-Petch relationship). Thus, the grain
growth that occurs as the result of fusion welding
molybdenum and tungsten causes applied ten
sile strains to be concentrated in the lower
strength, narrow, coarse-grained region of the
weld rather than distributed uniformly. The ac
tual strain rate in this region may greatly exceed
the nominal strain rate, and because of the strain
rate sensitivity of these two metals, the ductile
to-brittle transition temperature (DBTT) in
creases (Ref 7). These metallurgical
characteristics of molybdenum and tungsten pre
clude the use of any arc welding process that
affords less protection to the hot metal than does
the gas tungsten arc process with the inert gas
shield.

The effects of these characteristics on weldment
ductility may be minimized by:

Proper control of the welding atmosphere and
chemical cleaning of the base metal and filler
metal prior to welding to reduce contamina
tion
Use of filler metals alloyed to improve weld
ment mechanical properties
Use of as low a heat input as practical to
minimize grain growth in the heat-affected
zone (HAZ) and use of appropriate preheat
ing and stress relief treatment

Design ofweldments to eliminate notches and
to have relatively large cross-sectional areas
so that unit stresses are reduced

Interstitial Contamination. Weldment me
chanical properties can be degraded by the pres
ence of excessive contamination. Three intersti
tial elements, oxygen, nitrogen, and carbon, are
particularly harmful. Oxygen and nitrogen may
be introduced into a weldment because of inade
quate gas shielding and by surface films on the
base metals and filler metals. Carbon may be
introduced by hydrocarbon contamination from
residual gaseous hydrocarbons in the shielding
gas, oils on the components being welded or, if an
inert atmosphere welding chamber is being used,
from vacuum pump oils or the breakdown of
elastomers in the chamber because of the effects
of heat, vacuum, or ultraviolet light produced
during welding.

Figure 2 shows the effectof varying amounts of
oxygen, nitrogen, and carbon on the bend ductil
ity transition temperature in molybdenum. The
same trends exist in tungsten; however, the
DBTT is elevated by approximately a factor of
two (Ref7). The addition of very small quantities
of these elements greatly affects the transition
temperature. Oxygen is particularly deleterious
to ductility. A few parts per million (ppm) is
enough to raise the ductile-to-brittle transition
temperature from well below room temperature
to well above it. An early study by Platte (Ref10)
reported that oxygen in the base metal or in the
welding atmosphere could promote hot cracking
and porosity in addition to reducing ductility.
Nerodenko et al. (Ref11) reported 90°bend tran
sition temperatures of +10 OF and -30 OF for 0.040
in. thick molybdenum-zirconium-boron alloys,
respectively, when gas tungsten arc welded in
helium containing 0.1 ppm oxygen. The bend
transition temperature steadily increased as the
oxygen content was raised, as shown in Table 1.
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Table 1 The bend transition temperature of alloys
welded in helium

ing tap water rinse and then drying with
forced hot air.)

Nerodenko et al. recommended that oxygen in
the solidified weld metal, which is a function of
both the amount transferred from the shielding
atmosphere and the concentration in the base
and filler metals, should be a maximum of 50 to
70 ppm. The use of specially purified shielding
gas, argon, helium, or combinations of the two is
necessary.

Degrease with acetone
Immerse for 5 to 10min at 150to 180 OF in an
alkaline solution of 10 wt% sodium hydrox
ide,S wt% potassium permanganate, and 85
wt% distilled water
Rinse with cold tap water, scrubbing off loose
smut
Immerse for 5 to 10min at room temperature
in a bath of15vol%concentrated sulfuric acid,
15 vol% concentrated hydrochloric acid, and
70vol% distilled water plus 6 to 10wt% chro
rnicacid
Rinse in cold tap water and allow to drain dry
(Note: Moorhead (Ref 14) modifies this step
by rinsing with distilled water after the flow-

Welding Procedures

Surface Cleaning. Prior to welding, the surface
of the base metal should be degreased and chemi
cally cleaned. Two cleaning procedures for mo
lybdenum-based metals are recommended. The
first, devised by Ryan (Ref 12) and discussed by
Thompson (Ref B), is an alkaline-acid wash. The
second, reported by Moorhead et al. (Ref 14), is a
dual-acid wash. In an evaluation of both cleaning
procedures, Moorhead stated that the alkaline
acid wash gave better results based upon the
visual appearance of the parts. However, re
moval of smut deposited during cleaning in the
alkaline solution was difficult, especially from
internal surfaces. Equal weld quality was re
ported for both wash procedures. Thus, the
choice of cleaning procedures depends on such
factors as the amount of contamination of the
component or the accessibility for smut removal
(Ref 14). The two systems are:

Alkaline-acid procedure (Ref13)

90°bend transition temperature, OF Dual-acid procedure (Ref14)

A typical stress-relief treatment for P1M tungsten
is 1 h at 1400°C (2550 OF) (Ref15).Stress relieving
should be performed in either a vacuum or a hy
drogen furnace to prevent atmospheric contami
nation (Ref16).

Welding Filler Metals. The need to use filler
metals can be prompted by both design and me
chanical considerations. In the first case, increas
ing the base-metal thickness or the distance be
tween the pieces being welded may make filler
metals necessary. In the second case, filler metals
may be used to assist in filling surface pores that
may occur while welding P1M materials, or to
improve the weldment ductility or strength by
alloying. Examples of the latter are the use of
TZM molybdenum or molybdenum-rhenium
filler alloys when welding molybdenum, or the

Arc-cast molybdenum; 1 h at 900 to 925 °C
(1650 to 1700OF)
Powder metallurgy molybdenum; 1 h at 900
°C (1650 oF)
TZM (Mo-0.5Ti-0.08Zr); 1 hat 1150to 1175°C
(2100 to 2150OF)

Degrease with acetone
Immerse for 2 to 3 min at room temperature in
a solution of 15 vol% hydrochloric acid (37to
38% HCl), 15 vol% sulfuric acid (95 to 97%
H2S04),15 vol% nitric acid (90%HN03), and
55 vol% distilled water
Rinse in flowing tap water
Immerse for 3 to 5min at roomtemperature in
a solution of 15 vol% sulfuric acid (95to 97%
H2S04),15 vol%hydrochloric acid (37to 38%
HCl), and 70 vol% distilledwater plus 6 to 10
wt% chromium trioxide (Cr03)
Rinse in flowing tap water
Rinse with distilled water
Dry with forced hot air

Tungsten metals should be degreased and then
acid cleaned using a mixture of 90 vol% concen
trated nitric acid and 10 vol% hydrofluoric acid
(Ref 9 and 15). Following cleaning, the parts
should be handled only with clean cloth gloves
and should be welded as soon as possible.

Stress Relieving. Molybdenum- and tungsten
based components are normally stress relieved
after any processing operations that could con
tribute residual stresses. The appropriate stress
relief temperature and time for the various mo
lybdenum-based alloys can be obtained from the
manufacturer of the particular alloy. Typical
stress relief times and temperatures for several of
the more common commercial materials are:

-30
54
86

212
>440

10
95

160
430

>440

Molybdenum- Molybdenum-
zlrconlum- aluminum-

boron boron
Oxygen in
helium, ppm

0.1
50
100
700
4000



use of tungsten-rhenium alloys when welding
tungsten.

The TZM molybdenum alloy offers the advan
tage of titanium and zirconium additions for
strengthening and weld-metal grain size control.
The various molybdenum or tungsten and rhe
nium combinations (for example, molybdenum
10 to 50 wt% rhenium, tungsten 5 to 27 wt%
rhenium) may be used to take advantage of the
effect of rhenium on ductility. The addition of
rhenium to molybdenum and tungsten can lower
the DBTT of the weld metal to below room tem
perature (Ref9 and 17-19).

However, in a study of molybdenum-alloy
welds (Ref 20), any possible benefits from using
TZM were not reflected in the properties of the
weldments which exhibited very little ductility
and typically less strength than the weldments
made using Mo-50Re filler metal. Welds made
using TZM filler metal fractured either com
pletelyor partially through the weld fusion zone,
whereas welds made using Mo-50Re filler metal
fractured in the base metal in either the coarse or
fine heat-affected zone (Ref 20). The ability to
shift the fracture location from the weld to the
heat-affected zone by selective alloying is a sig
nificant achievement and indicates that the criti
cal component in the weldment system can be the
commercially available base metal.

Preheating and Welding Heat Input. As is the
case with many metals, molybdenum- and tung
sten-based alloys are susceptible to cracking be
cause of thermal shock and residual stresses pro
duced by welding. Preheating can reduce these
tendencies. The specific welding preheat or inter
pass temperature to be used when welding an
assembly depends on both its size and shape and
the susceptibility to cracking of the particular
alloy. Joining objects of widely differing size can
produce uneven heating and cooling because of
the ability of a larger object to dissipate heat more
rapidly than a smaller object, producing stresses
that may cause cracking. Preheating results in a
more uniform thermal gradient that reduces the
tendency toward cracking.

The current density variations between differ
ent welding processes can affect the amount of
preheating required. For example, the current
density of a gas tungsten arc welded plasma is
relatively low. This can result in more preheating
prior to obtaining a molten zone than occurs for
an electron beam or laser weld in the same mate
rial. The benefits of preheating to reduce thermal
shock must, however, be balanced with the use of
as Iowa heat input as possible to minimize the
extent of recrystallization and grain growth in
theHAZ.

Gas Tungsten Arc Welding in Controlled At
mosphere Chamber. To ensure optimum me
chanical properties, molybdenum- and tungsten-
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based metals should be welded in an inert atmos
phere chamber. Welding in air, using only gas
shielding from the welding torch, results in se
vere contamination of the weld, with resultant
reduced ductility.

To minimize moisture permeation and out
gassing from the chamber walls, a metal enclo
sure is superior to a plastic enclosure. The metal
chamber should be capable of being evacuated to
a pressure in the range of 10-3 to 10--{j mbar and
should have a helium mass spectrometer leak
rate of 1 x 10-8atm cm3

/ s, or better. The chamber
should be evacuated and backfilled rather than
simply purged with shielding gas to obtain the
lowest residual atmospheric contamination.

The use of plastics and elastomeric tubing in
evacuated areas should be kept to a minimum.
Copper or stainless steel tubing should be used
for all-rigid plumbing. Viton may be used for
a-ring seals and electrical insulation of wiring
inside the chamber. Where flexible water lines
are required, an elastomer having low outgassing
and moisture permeability, such as butyl rubber,
is recommended. All valving should be suitable
for vacuum exposure, preferably bellow-sealed
valves. Tubing connections to valving or cham
ber parts may be made using swage-type fittings,
although welded or silver soldered (not soft sol
dered) fittings with copper gaskets are best.

Port gloves should be made from butyl rubber
to control moisture permeation. For stringent
control of outgassing from these gloves, sulfur
free butyl rubber is recommended. Protective
welding gloves, to cover port gloves during man
ual welding, should be made from aluminized
fiberglass rather than leather.

To facilitate the elimination of adsorbed mois
ture from the chamber walls during evacuation,
heat may be applied to the chamber by using
heating tapes or infrared lamps. A bake-out tem
perature of 40 to 75°C (105to 170 OF) is adequate
to reduce the residual moisture in the chamber to
less than 1.0ppm (dew point < -79°C, or -110 OF)
in a vacuum of 10C4 mbar, or better. All surfaces
exposed to the vacuum should be degreased and
kept clean and dry to reduce contamination and
pumping time. Monitoring the chamber atmos
phere for oxygen and moisture is recommended.
Oxygen and moisture levels of less than 10 ppm
can be obtained from a system such as that de
scribed above. Welds produced in this atmos
phere are shiny with no discoloration.

Welding Conditions. Gas tungsten arc weld
ing (GTAW) is performed using direct current
electrode negative (DCEN). Thoriated tungsten
electrodes are used. Grinding the electrode to a
sharp point facilitates arc placement and ma
nipulation. A downslope of the welding current
eliminates crater cracking. The high melting
point and relatively high thermal diffusivity of
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Tungsten and tungsten alloys can be joined by
welding (GTAW and EBW), brazing, diffusion
bonding, and other joining techniques. Tungsten
and its alloys are generally considered to have
poor weldability, when compared with other re
fractory metals, such as niobium and tantalum.
Welding problems encountered with tungsten
and its alloys are generally traceable to physical
metallurgy and properties as previously de
scribed.

Of the refractory metals, tungsten has the high
est modulus and melting point. This high melting
point results in greater than normal cooling time
intervals after joining and a large range of cooling
temperatures over which sizeable thermal strains
can be generated, because of differential thermal
expansion and contraction. High elastic modu-

Tungsten-Alloy Weld Properties

from the GTAWprocess. A high melting point, in
conjunction with low ductility, also make molyb
denum susceptible to failure by thermal impact
during welding. Therefore, weldability can be
improved by a weld preheat. If their DBTTvalues
are below the ambient temperature, then molyb
denum and most of its alloys with low DBTT
values can be welded without a preheat. Alloys
with high DBTTvalues must be preheated above
their respective transition temperatures to avoid
cracking during welding. Postweld annealing for
stress relief helps improve weld ductility. The
brittle behavior is principally the result of the
large grain size in the HAZ and fusion zone. By
reducing the grain size difference between the
parent and weld metals through heat treatment,
sigrtificant increases in ductility can be achieved.
TZM (Mo-0.5Ti-0.1Zr) welds are not inherently
as brittle as other molybdenum alloys (Ref 21).

Effect of Interstitial Impurities. Molybdenum
and tungsten both have extremely low solubility
limits for interstitials such as oxygen, nitrogen,
and carbon (1 ppm or less). Of these three, oxy
gen is particularly harmful to ductility (Fig. 2).
Just several parts per million are enough to raise
the DBTTfrom well below the ambient tempera
ture to well above it. To prevent interstitial con
tamination, welding in vacuum or in an inert
gas-filled chamber is recommended. A
high-purity shield gas is effective in promoting
ductile joints.

Hot cracking and weld porosity represent
other problems that can arise when welding
powder metallurgy alloys. These problems often
occur even when the welds are made in high
vacuum. Large amounts of oxygen and other
gases that are generally contained in the powder
metallurgy base metal will react with the molyb
denum during welding, leading to embrittle
ment.
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molybdenum- and tungsten-based metals neces
sitate the use of slightly more current than is used
for metals having a lower melting temperature.
The electrode diameter is determined on the basis
of the current required. Because welding is per
formed in an inert atmosphere, no additional
torch shielding is required. The welding torch
may be either water or air cooled. Water cooling
permits the use of higher currents, but can intro
duce moisture contamination because of permea
tion through the walls of the elastomeric tubing.
For very critical, small-scale welding, a ceramic
handled, noncooled torch can be fabricated. This
design minimizes possible sources of contamina
tion.

Automatic GTAW can introduce contaminants
into the chamber shielding atmosphere from mo
tor lubricants and insulation. The severity of this
contamination should be determined on an indi
vidual basis depending on the intended service
of the weldment. Because of the high melting
temperature and thermal conductivity of molyb
denum and tungsten, the welding fixtures used
to hold the pieces during welding should be
either water cooled or faced with a material that
cannot melt and bond to the weldment. Molyb
denum-, tungsten-, or nickel-based superalloy in
serts may be placed at the contact points in the
fixture if melting becomes a problem.

Fig. 3 Effects of oxygen and carbon on OBIT of tungsten.
Source:Ref10
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Molybdenum-Alloy Weld Properties

The weldability of molybdenum and its alloys
is marginal, because of a high DBTT in the
welded and recrystallized zones. Factors influ
encing ductility are summarized below and de
tailed more in Ref 20.

Effect of Welding Conditions. Heat input is a
major factor influencing the ductility of welds.
Electron-beam welding with relatively low heat
input results in a lower DBTTthan that obtained
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Fig. 4 Coarse grains in HAl . 65x. (a) Powder metallu rgy lung
sten; porosity shown along fusion lin e. (b) CVD tungsten

Ius, high yield strengt h, and resistance to plastic
flow lead to a rapid rise in residual stress with an
increase in therm al strain . H igh res idua l stresses
are conunonl y encountered in tungsten we lds. If
the welds are made under restraint, then they
may crack during cooling.

Effect of Alloy Production Te chnique. The
weld ab ility and propertie s of tun gsten strong ly
dep end on the process used to make the tung
sten . Poros ity and entrained gases in powder
metallurgy tungsten products will result in weld
po rosity . This porosity usually concentrates
along the fusion boundary. To a lesser extent,
w elds of chemical vapor deposition (CVD) tung
sten products will show porosity along the fusion
line and in the HAZ (Ref 22). Weld s of arc cast
tungsten materials can be mad e porosity h'ee if
proper welding p rocedures are follow ed. Tung
sten weld embrittlemen t can be cau sed by con
tamination and/or recrys talliza tion.

Effect of Interstitial Impurities. Tungsten,
which is composed of a bcc crystal latt ice, is sen
sitive to the presence of interstitial atoms such as
carbon, oxygen, and nitrogen. Becau se the solu
bili ty of these elements in tungsten is very low,
their embr ittling effects are much greater . Tun g
sten has a part icul arl y high affin ity for carb on
and oxygen, readily forming carbides (WC) and
oxides (W02).
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Fig. 5 Effecl o f grain size on DBTI o f tungsten. Source: Ref 9

Carbon, oxygen, and nitrogen dramatically in
crease the bend ductility transition tempera ture
and DBTT, as show n in Fig. 3. Typic al sources of
these contam ina nts are mo isture/Impurit ies in
the shielding gas, surface films on the base metals
and / or filler metals, and oils on the compon ents
being we lded. Use of either a vacuum or an iner t
atmosphere cha mber consisting of specially puri
fied shielding gas (argon, helium, or combina
tions of the tw o) is necessary to control contami
nation .

Effect of M icros tructur e, Recrystall izat ion and
grain grow th in the HAZ (Fig. 4) is another effect
that can also contribute to embr ittlemen t. In
crea sin g grain size reduces the ten sile streng th,
ductility, and tou ghness of tung sten alloys.
Coarse grains in the HAZ have been found to
increase the DBTT. The effect of grain size on
DBTT is shown in Fig. 5. The effect of coarse
gra ins on weldment ductility may be minimized
by usin g a low heat input and by choosing proper
welding pr ocedures and parameters that limit
recrystallization and gra in grow th effects. The
EBW process can be used to obtain an extremely
narrow HA Z. This technique has been shown to
minimize embr ittlement that is cau sed by recrys
tallization and gra in grow th.

Weld cracking usually can be avoide d by pre
heating to above the DBTT. Weld ing tun gsten
rhenium alloys or using the EBW process makes
it possible to avoid preheat require men ts. When
CVD tungsten is we lde d, cracks are usually
found in the columnar gra in boundari es in the
HAZ, havin g been cause d by the growth and
coalescence of sma ll pores on the gra in bounda
ries.
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Creep strains, localized 174 

Creep/stress-rupture tests 175 

Creep tests 175 

Crevice corrosion 195 246 

       austenitic stainless steels 270 271 273 

       ferritic stainless steels 258 

Critical crack size 171 



Index Terms Links 

 

This page has been reformatted by Knovel to provide easier navigation. 

Critical defect size 86 

Critical flaw dimension (ac) 115 

Critical flaw sizes 165 

Critical notch 143 

Critical strain accumulation 174 

Critical stress 239 

Critical time length 80 

Cross-rolling 275 276 

Cruciform cracking test (cold crack test) 24 27 29 
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Ct parameter 177 
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Cycles, number of 136 

Cyclic ductility coefficient 155 
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      prevention of further crack growth 172 
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Deformation behavior 165 
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Degradation 168 
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Demagnetization 88 100 

Dendrite arm spacing 10 

Dendrites, and solidification 8 9 

Dendritic growth 6 

Dendritic solidification, constitutional supercooling 

  criterion 6 

Deoxidation process 275 

Deoxidation products 240 



Index Terms Links 

 

This page has been reformatted by Knovel to provide easier navigation. 

Deoxidizers 16 

Depth-to-width ratio, weld penetration 31 

Design life 136 163 170 

      high-temperature creep 173 

Design-related discontinuities 57 

Design stress 136 169 

Design stress range 148 149 151 

Destructive evaluation 48 

Destructive proof tests 85 
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Dew point 317 

Differential thermal analysis (DTA) 73 74 
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      mechanism of bond formation 67 

      molybdenum and tungsten metals and 

 alloys 356 

      necessary conditions to be met before weld 

 made 67 

      three-stage mechanistic model of 68 

      titanium alloys 324 

      tungsten alloys 360 

      weld discontinuities 66 

Digitally controlled flaw detectors 97 

Dilution  51 52 53 

      to control composition 45 

      equation 222 

      factors 341 



Index Terms Links 

 

This page has been reformatted by Knovel to provide easier navigation. 

Dimensional scale 189 

Dimensional tolerances 98 

“Dime” test 124 

Dimple nucleation 274 275 

      sites  275 

Dimple rupture 275 

Direct-beam techniques 60 

Disc grinding 124 125 
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Dispersion strengthening, nickel alloys 345 
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      effects of 262 
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Driving crack-tip parameter 177 

Driving force (Ct) 177 
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Dry particle method 100 
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Dual-acid wash, molybdenum alloys 358 



Index Terms Links 

 

This page has been reformatted by Knovel to provide easier navigation. 

Ductile cast irons 

      repair welding 183 

      weldability (processes, procedures and 

 remarks) 365 

Ductility dip cracking, austenitic stainless steels 269 

Ductile fracture 114 163 165 230

  233 235 

      failure-assessment diagrams 167 

Ductile fracture R curve 165 

Ductile fracture mode 50 
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Early crack growth 141 142 143 153 

      conditions favoring 142 
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Electrical conductivity 33 
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      Xsteel pipe, parameters for 46 

Flux inclusion, NDE techniques used 97 

Flux leakage 87 

      fields 88 

“Fluxless” fusion  welding processes 143 

Flywheel method 211 

Forced-air cooling 262 

Forging, austenitic stainless steels 267 
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Form factor 11 

Forward arc blow 59 

475°C(885°F) embrittlernent 186 

Fractography 199 

      as test for weld and base metal imperfections 69 

Fracture  163 

Fracture analysis diagram 125 127 

Fracture assessment levels 135 

Fracture-assessment procedures, application of 169 

Fracture behavior 164 167 

Fracture control, approaches to 115 117 

Fracture control methods 115 

Fracture control of welded structures 124 

      embrittlement mechanisms 129 

      factors affecting fracture toughness 126 130 

      toughness requirements for avoidance of 

 brittle fracture 132 

Fracture mechanics 94 115 164 

Fracture mechanics analysis 134 

Fracture mechanics and service fitness of 

  Welds  163 

      benefits of a fitness-for-service approach 177 

      environmental cracking 171 

      failure  assessment diagrams 167 

      fatigue design 169 

      high-temperature creep 172 

      toughness tests for welds 166 

Fracture mechanics assessment procedures 135 136 165 170 

Fracture mechanics-based fatigue-assessment 

  procedures 171 

Fracture mechanics-based fatigue crack growth 

  procedures 171 

Fracture mechanics crack growth models 154 
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Fracture mechanics methods for fracture 

  control  134 

Fracture mechanics testing 46 

Fracture mechanics toughness tests 129 

Fracture resistance 135 

Fracture resistance curve (R curve) 164 

Fracture toughness 46 50 127 155 

      austenitic stainless steels 272 273 

      factors  affecting weld metals and weld HAZs 129 

      high-temperature creep 173 

      requirements 132 

      tests  49 166 167 168 

Fracture-transition temperature 225 239 

Free bend test 69 

Free-machining applications 16 

Free-machining sulfurized grades 184 

Freezing process 201 

Friction  182 

Friction stir welding (FSW), aluminum alloys 307 

Friction welding 

      defined 210 

      failure  origins 210 

      molybdenum and tungsten metals and alloys 356 

      nickel alloys 330 

      tantalum alloys 354 

      weld discontinuities 63 65 

Full centerline cracks 62 

Full-penetration butt welds 102 103 104 

Full-penetration comer welds 102 103 104 

Full-penetration groove welds 103 104 

Full-penetration welds 82 

Full-penetration weld tests 31 

Function of geometry 137 

Furnace cooling 262 
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Fusion 

      defined 60 

      incomplete 101 201 

      incomplete, in electrogas welds 205 

      incomplete, in electron beam welds 212 

      incomplete, in electroslag welds 204 

      incomplete, in flash welds 208 

      lack of 48 58 60 114 

      lack of, gas metal arc welding failures 202 

      lack of, in electroslag welding 65 

      lack of, in friction welds 66 

      lack of, in plasma arc welding 65 

      lack of, in resistance welds 66 

      lack of, magnetic particle inspection for 

 detecting 99 

      lack of, radiographic inspection 101 

      lack of, root area in T-joints 103 

      lack of, sidewall 60 114 121 

      lack of, sidewall, and ultrasonic inspection 104 

      lack of, ultrasonic inspection 103 104 

      line of 142 

Fusion line, as notch tip position 166 

Fusion-line cracks 61 62 183 

Fusion weld 3 

      closure weld 72 

      zones 3 4 

Fusion zone 3 4 5 44

  54 189 

      austenitic stainless steel welds 274 275 

      coarse columnar structure 5 

      cold cracking 24 

      effect of solidification behavior on properties 3 

      grain structure effect 4 5 

      in electron-beam welding 63 
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Fusion zone (Cont.) 

      microcracking 16 

      nickel alloys 334 

      solidification behavior 3 

Fusion-zone (FZ) solidification cracking, cobalt-base 

  Alloys  351 

G 

Gage, for visual inspection 98 

Galvanic corrosion 189 195 240 

      aluminum-alloy welds 298 

Galvanic couple 189 190 241 

Galvanic effect 189 195 

Galvanized coatings 16 

Gamma phase 329 

Gamma radiographs 89 93 

Gamma rays 89 

Gas cylinder systems 261 

Gas entrapment 58 

Gas hole formation 336 

Gas holes 101 

Gas-metal arc welding, (GMAW) 13 159 

      alloy additions effect on hardness and notch 

 toughness 223 

      aluminum-alloy welds 289 299 

      austenitic stainless steels 184 271 272 273

  274 275 

      failure analysis of weldments 202 

      ferritic stainless steels 261 

      for repair welding 179 181 183 

      for stainless steels 249 250 251 

      martensitic stainless steels 253 

      metallurgical discontinuities 58 

      nickel-alloy welds 330 333 334 
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Gas-metal arc welding, (GMAW) (Cont.) 

      niobium alloys 356 

      rating as function of weld parameters and 

 characteristics 181 

       repair welding 186 

       shielding-gas mixtures 200 

       structural carbon steels 371 

       tantalum alloys 353 

       titanium alloys 311 323 325 

       titanium, repair welding of 186 

       toughness in HAZ 220 

       usability, cost, and other factors  

 for arc welding 

 carbon steels 369 

       weld discontinuities produced 143 

Gas pockets 99 202 

       ultrasonic inspection 103 

Gas porosity 58 199 

       aluminum-alloy welds 283 289 298 

       radiography for detecting 101 

Gas-shielded arc welding, (GSAW) 

       aluminum-alloy welds 293 

       non-heat-treatable aluminum alloys, properties 

 of butt joints 295 

       titanium-alloy welds 323 

       wrought heat-treatable aluminum alloys, butt 

 joints properties 295 

Gas-tungsten arc welding, (GTAW) 159 

       austenitic stainless steels 184 269 271 272

  273 274 275 276

  277 

       duplex stainless steels 186 

       failure analysis of weldments 202 

       ferritic stainless steels 264 265 266 
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Gas-tungsten arc welding, (GTAW) (Cont.) 

       for repair welding 179 181 183 

       for stainless steels 249 250 251 

       grain size 12 

       Houldcroft test 25 

       martensitic stainless steels 253 257 

       metallurgical discontinuities 58 

       molybdenum alloys 359 

       nickel-alloy welds 330 334 

       niobium alloys 355 

       Nitronic alloys 269 

       rating as function of weld parameters and 

 characteristics 181 

       rhenium alloys 356 

       Sigmajig test 30 

       stainless steel and solid-state transformation 13 

       tantalum alloys 353 355 

       titanium alloys 311 315 317 319

  320 321 322 323

  325 

       titanium, repair welding of 186 

       to improve fatigue stength of welded 

 structures 234 

       toughness in HAZ 220 

       tungsten alloys 359 

       tungsten inclusions and acoustic emissions 106 

       usability, cost, and other factors for arc welding 

 carbon steels 369 

       Varestraint hot crack testing 23 28 

       weld discontinuities produced 143 

       weld penetration tests 31 

       weld pool shape 7 

Gas-tungsten arc spot welding, spot 

  Varestraint test 30 
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General yielding 237 

Geometrical stress concentration effects 154 

Geometric weld discontinuities 61 

Glass-fiber-reinforced plastic 

       for pressure vessels 91 

       NDE techniques used 95 

Gleeble system 317 

Gleeble testing 23 32 

       factors important to the test 34 

Global corrosion attack 171 

Global loading 167 

Global residual (mean) stresses 154 

Grain-boundary ferrite. See Ferrite, grain-boundnry) 

Grain-boundary liquation 189 

Grain-boundary melting 19 

Grain-coarsened heat-affected zone (GCHAZ) 156 218 219 235

  236 237 

Grain coarsening, in stainless steels 249 

Grain growth, excessive, in electroslag welds 204 

Grain refined heat-affected zone 129 

Grain-refining reaction 12 

Grain refinement 13 262 

Grain refiners 291 

       aluminum-alloy welds 285 

Grain scattering 105 

Grain size 39 

       in heat-affected zone 12 

Graticules 88 

Graville diagram 246 247 

Gray cast irons 

       repair welding 183 

       weldability (processes, procedure and 

 remarks) 365 

Gray oxide scale 244 
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G-R diagram 5 

“Green rod,” 271 

Grinding 87 100 123 124

  181 195 234 306

  331 

       increasing fatigue strength 240 

       microbiologically influenced corrosion 271 

       niobium alloys 356 

       tantalum alloys 354 

       to minimize geometric stress-corrosion 

 cracking effects 246 

       to repair undercutting 204 

Grinding marks 100 101 

Gritblasting 99 

Groove overfill 199 

Groove plate/pipe weld, NDE techniques 

   selected 96 

Grooves, incomplete filling of 100 

Groove underfill 199 

Groove welded butt joint 143 

Groove welds 70 

       dimensional tolerances 98 

       hydrogen-induced cold cracking 253 

       nomenclature for 40 

       schematic representations 40 

       visual inspection 98 

Group discontinuous cracks, NDE  techniques used 97 

Group I ferritic alloys 258 259 262 

Group II ferritic alloys 258 

Group III ferritic alloys 258 259 260 262

  266 

Growth crystallography 5 

Growth rate (R) 3 4 9 
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“Guidance on Methods for Assessing the Accept- 

   ability of Flaws in Fusion Welded 

   Structures,” 134 

Guide books on weld qualification 379 

Guided-bend test 69 

Gurney fatigue design rules 170 

H 

Hall-Petch relationship 357 

Hammer peening 124 125 307 

Hardenable steels 

      embrittlement 201 

      cold cracks in flash welds 209 

      HAZ cracking 68 69 

Hardfacing 222 

Hardness-based techniques 174 

Hardness survey, HAZ of postweld heat treated 

  carbon-manganese steel weld 227 230 231 

Hardness tests 69 

Hastelloys, weldability 368 

Hat cracks 61 62 

Heat-affected metal 58 

Heat-affected zone (HAZ) 44 189 

      base metal cracking 68 69 

      cavitation 174 

      characteristics of fatigue crack initiation site 152 

      Charpy V-notch transition curves 236 

      cold cracking 24 

      controlling toughness in steel welds 220 

      corrosion 189 

      crystallographic grain orientation 6 

      degradation in aluminum-alloy welds 299 

      fracture toughness 234 
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Heat-affected zone (HAZ) (Cont.) 

      fracture  toughness in austentic stainless 

 steels 274 275 

      Gleeble testing 23 

      grain growth region 12 

      grain-refined region 12 

      of high-carbon steels 183 

      hot cracking 24 249 

      hydrogen cracking 201 

      in carbon alloy steel welds 217 219 

      in ferritic stainless steels, corrosion in 263 

      interpass 13 

      lamellar tearing 58 

      material properties used in estimating weldment 

 fatigue life 155 

      means of improving toughness 220 

      microcracking 16 

      microcracking in nickel alloys 348 349 

      microstructural gradients 189 

      microstructure 15 220 

      microstructure and property ranges of multipass 

 welds 128 129 

      microstructures in weldment area 122 

      nickel alloys 329 

      niobium alloys 356 

      notch locations for toughness testing 130 

      as notch tip position 166 

      and postweld heat treatment of aluminum-alloy 

 welds 300 

      postweld heat treatment effect on C-Mn steel 

 weld properties 225 

      precipitation-hardened nickel alloys 343 

      regions 12 

      repair welding 182 
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Heat-affected zone (HAZ) (Cont.) 

      residual stress effects in aluminum-alloy 

 welds 306 

      tantalum alloys 355 

      welding process 220 

      and weld microstructure 11 

      and weld to be cathodic to surrounding metal 39 

Heat-affected zone cracking 27 

      duplex stainless steels 279 

      nickel alloys 351 

Heat-affected zone cracks 70 75 

Heat-affected zone (HAZ) hot cracking 30 

Heat-affected zone liquation cracking 346 

      austenitic stainless steels 268 

      duplex stainless steels 280 

Heat-affected zone (HAZ) microstructure 3 

Heat-affected zone, mushy zone 347 

Heat-resisting alloys, friction welding 211 

Heat sink 31 81 293 

Heat-sinking capability 80 

Heat source, moving, effect of speed of 6 7 

Heat-tint oxide formation 195 

Heat-treatable low-alloy (HTLA) steels 

    hydrogen-induced cold cracking 246 247 

Heat-treatable steels, preheat and interpass 

  temperatures 373 

Heat treatment 

      stress-rupture strength affected in 

 2.25Cr-IMo steels 173 174 

      to modify residual stress field 124 

Helium, added to argon shielding gas 269 

Hexagonal close-packed (hcp) alpha phase 52 

Hexagonal dose-packed (hcp) alpha prime 

  phase  52 53 
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Hexagonal metals, crystal growth directions 7 

High-alloy steel, NDE techniques used 95 

High-carbon alloys 

      hydrogen-induced cracking 78 

      repair welding 183 

      upset butt weld failures in wire 209 

High-chromium high-molybdenum  

 stainless steels annealing 262 

High-energy (shear-type) fracture 239 

High-heat-affected zone 168 

High melting point elements 13 

High-nickel alloys, for repair welding of cast iron 191 

High-quality welding processes 159 160 

High-resolution flaw detection 68 

High-speed welding, disadvantages 71 

High-strength alloy steels, electroslag welding 204 

High-strength low-alloy (HSLA) steels 

      alloying additions 79 

      HAZ of steel welds 218 

      hydrogen-induced cold cracking 246 247 

      repair welded with austenitic stainless 

 steels 190 

      welded to nickel alloys 350 

      welding and  reheat cracking 18 

High strength low-alloy steels, specific types 

      HSLA, chemical compositions 230 233 

      HSLA, heat input effect on weld 

 properties 230 

      weldability 366 

High-strength steel 

      retained austenite presence 191 

      underbead cracking 189 

High-strength structural steels electroslag 

  welding 204 
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High-temperature creep 163 164 172 

      regime 177 

“Hollow bead,” 45 

Hoop stress 245 

Hot cracking 4 24 40 41

  43 45 62 71

  193 199  200 201

  252 

 See also Solidification cracking 

 austenitic stainless steels 271 272 

 and carbon content 14 

 centerline 8 

 defined 71 

 duplex stainless steels 277 

 electron beam welds 212 

 factors affecting it in base metal HAZ 78 

 factors affecting it in weld metal 77 

 ferritic stainless steel welds 259 265 

 in electrogas welds 205 

 in flash welds 209 

 in resistance welds 206 

 in weld metal and heat-affected zone 14 19 

 minimizing mechanical restraint, ways of 71 

 molybdenum and tungsten metals and alloys 357 

 nickel alloys 332 

 nickel-alloy welds 333 336 338 347 

 requirements and conditions for 71 

 and solute segregation 8 

 stainless steels 192 249 

 susceptible sites 71 

 welding parameters 71 

Hot ductility testing 34 75 79 

Hot isostatic pressing, cast nickel-base superalloys 348 

Hot pass  86 
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Hot-plate groove fusion welds 95 

Hot pressure welding (HPW), niobium alloys 356 

“Hot short” cracking 291 

Hot shortness 62 

Hot-shortness cracks, in friction welds 211 

Hot tearing 211 

 aluminum-alloy welds 283 284 

 peak susceptibility 284 285 

 two-phase region 285 

 weld solidification 284 

Hot working 13 

Houldcroft crack susceptibility test 

   (hot crack test) 25 26 

Hydrogen 

 added to argon shielding gas 269 

 diffusion coefficient of 201 

 diffusion coefficient in iron alloys 16 17 

 effect on cold cracking 24 

 effect on duplex stainless steel ductility 280 

 residual, and hydrogen-induced cracking 78 

 solubility in steel as a function of 

 temperature 201 

 solubility of 253 

Hydrogen-assisted cold  cracking 15 

Hydrogen attack 195 

Hydrogen blistering 171 

Hydrogen contamination 15 16 17 

Hydrogen cracking 114 121 190 195

  200 201 

 controlling variables 202 

 duplex stainless steels 277 279 

 in electroslag welds 204 

Hydrogen damage 194 

Hydrogen delayed cracking, titanium-alloy welds 317 
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Hydrogen embrittlement 18 129 168 242

  254 

 ferritic stainless steels 261 

      martensitic stainless steels 255 

 titanium-alloy welds 317 

Hydrogen gas 182 

       vs, underbead cracking in arc atmosphere 69 

Hydrogen-induced cracking (HIe) 16 24 78 107

  114 164 171 185

  199 200 201 246 

 causes and cures of 81 

 chevron cracking 20 

 factors for 16 

 implant testing 27 30 

 in electroslag welds 204 205 

 in flash welds 209 

 in resistance welds 206 

 martensitic stainless steels 252 255 

 prevention of 80 

 stainless steels 249 

 steel plates, carbon equivalence expressions 218 

 time dependent 253 

Hydrogen-induced stress-corrosion cracking 242 

Hydrogen outgassing 261 

Hydrogen pickup 63 

Hydrogen potential 253 

Hydrogen release heat treatment 131 254 

Hydrogen sulfide 199 242 

Hydroxides, corrosion of aluminum 87 

I 

“Ideal” weldments 141 142 143 145

  154 156 
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“Ideal” weldments (Cont.) 

 combined effect of weldment  

 size and fabrication stresses 159 160 

Image analysis 278 

Image quality indicators (IQIs) 89 

Impact tests 46 69 175 

 See also Charpy V-notch impact testing 

Implant testing (cold crack test) 24 27 30 

Impulse decanting test 31 32 

Impurity liquid films 19 

Inadequate joint penetration, tests for 69 

Inclusions 41 42 43 44

  96 

 acoustic emission monitoring for detecting 105 

 in electrogas welds 204 

 in electron beam welds 212 

 in flash welds 208 

 in laser beam welds 213 

 in resistance welds 205 

Inclusion stringers 276 

Incoloy welding electrode 135 241 

Incomplete fusion, tests for 69 

Incomplete interrun fusion, NDE techniques used 97 

Incomplete joint penetration (IIP) 99 150 152 

Incompletely filled  groove, NDE techniques used 97 

Incomplete penetration, NDE techniques used 97 

Incomplete root fusion, NDE  techniques used 97 

Incomplete sidewall fusion, NDE  techniques used 97 

Inconels, weldability 368 

Inco-Weld A electrode 241 

Incubation behavior preceding crack growth 177 

Inert gas shielding 

 tantalum alloys 354 

 niobium alloys 355 
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Inertia welding, molybdenum and tungsten metals 

   and alloys 356 

Initial alloy  composition 9 

Initial crack size 137 156 

Initial flaw size 156 

Initial pressure test 91 

Initiation-propagation (I-P) model 154 155 

      schematic diagram 155 

Inoculants 5 

Inoculation of the molten weld pool 315 

In-service cracking 171 

In-service failures, reasons for occurrence 113 

In-service monitoring 172 

Inspection, material selection and fabrication 132 

Inspection and evaluation of weldments 85 

       acoustic emission monitoring 105 

       evaluation of test results 94 

       liquid penetrant inspection 100 

       magnetic particle inspection 99 

       NDE examples 96 

       NDE performance 92 

       radiographic inspection 100 

       selection of the NDE method 94 

       test-operator training 92 

       test procedures 91 

       ultrasonic inspection 101 

Inspection criteria 169 171 177 

       intervals 138 171 172 177 

Intercritical grain-coarsened heat-affected zone 129 

Intercritical heat-affected zone 129 218 219 

Intercritically reheated grain-coarsened heat-affected 

   zone (IRGCHAZ) 218 219 

Interdendritic microshrinkage, NOE techniques 

   used  97 
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Interdendritic shrinkage, NOE  techniques used 97 

Intergranular attack, ferritic stainless steels 259 

Intergranular carbide precipitation, duplex stainless 

   steels  186 

Intergranular carbides 333 

Intergranular cleavage 78 

Intergranular corrosion 190 191 194 

       austenitic stainless steels 20 270 

       ferritic stainless steels 262 264 

Intergranular cracking 69 243 244 

Intergranular polygonal ferrite 49 

Intergranular precipitation 184 

Intergranular separation 199 

Intermetallics 276 280 

       ductility 76 

Internal concavity 42 

Internal undercut 48 

International Institute of Welding, general 

   terminology for diffusible hydrogen 

   concentrations in welds 18 

International Standards ISO-3690 18 

International Standards Organization Larson-Miller 

   data, minimum or mean 173 

Interpass heating 225 

Interpass peening 12 

Interpass temperature 183 195 

       definition 225 

       duplex stainless steels 277 

       heat treatable steels 373 

       low-alloy steels 373 

       martensitic stainless steels 184 

       steels 374 

       ultra-high strength steels 373 
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Interstitial elements 

       contaminants of ferritic stainless steels 261 

       in ferritic stainless steels 258 261 262 263

  264 265 266 

Invariant melting temperature of the  

solvent element (Tm)  72  

Inverted tee-joint fillet weld weldability test 286 

lon-scattering spectrometers 198 

IQI  94 

Iridium 192 89 93 

Iridium alloy electron beam weld, epitaxial and co- 

   lumnar growth 6 

Iridium alloy weld 5 6 

Iron 

       alloying effect on nickel-alloy welds 337 

       content effect on magnetic attraction in duplex 

 stainless steels 278 

       as variant in unalloyed titanium products 312 

Iron alloys, diffusion coefficient of hydrogen 16 17 

Irregular bead, NOE techniques used 97 

Irregular reinforcement 65 

Isoferrite lines 252 258 

Isolated cavitation 174 175 

Isolated porosity 199 

Isostress rupture test 175 176 

Isothermal transformation diagram 252 253 

Isotherms 6 

Ito and Bessyo equation 16 

Ito-Bessyo composition-characterizing parameter 

   (Pcm)  217 

Ito equation 18 
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J 

Jaw separation 33 

J-curves  126 

J-integral 164 165 

Joint fit-up 59 

Joint geometries 40 

K 

Keyhole effect 203 

Keyhole restraint cracking test 

   (hot and cold cracks) 25 

Keyhole slotted-plate restraint test 

   (hot crack test) 25 26 

Knifelike attack 298 

Knife-line attack 192 270 

Knoop  microhardness 243 

Kreischer review of hot ductility testing 35 

L 

Lack of fusion. See Fusion, lack of 

Lack of penetration. See Penetration, lack of 

Laminar flaws 88 

Lamellar tearing 18 24 41 58

  61 62 81 86

  114 199 

       conditions for 81 

       location in a T-joint 82 

Laminations 70 85 98 

       in electrogas welds 204 

       nonmetallic 204 
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Lap joints 303 

       laser beam welds 213 

       NOE techniques selected 96 

       nomenclature for 40 

       schematic representations 40 

Larson-Miller curve 173 

Larson-Miller parameter (LMP) 173 

Laser beam welding 5 

       applications 213 

       dendrite arm spacing of stainless steel 11 

       duplex stainless steels 186 

       failure origins 213 

      for stainless steels 249 

      martensitic stainless steels 257 

      molybdenum and tungsten metals and alloys 356 

      nickel alloys 330 

      niobium alloys 355 

      titanium alloys 311 314 315 320

  321 322 323 324 

      weld pool shape 6 

Laser treatment, G-R diagram 5 

Laves phase 74 276 345 346

  348 349 

Lawrence and Chang model 159 

Lead 

      alloying effect on nickel-alloy welds 338 

      effect on porosity 16 

      and liquation cracking of nickel-alloy welds 347 

Lead alloys, weldability 368 

Leakage fields 99 

Leak-before-break design philosophy 135 172 

Leak testing 85 90 91 

Lehigh cantilever test 24 

Lehigh restraint test (hot and cold cracks) 24 25 
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Life-assessment procedures 173 

Life extension 173 

      justification of 163 

Life-fraction range 175 

Life-fraction rule 173 

Lift-off effect 88 

Lift-off noise 88 

Limiting crack size 171 172 

      assessment procedures to determine 168 

Limiting flaw size 138 171 172 

      computation of 135 

Lin, Lippold, and Baeslack methodology 

    crack susceptibility quantification 35 

Linear cumulative damage calculation 156 

Linear elastic fracture mechanics (LEFM) 

  estimates 154 

Linear elastic fracture mechanics tests (KIc) 126 

Linear elastic loading (LEFM) 164 165 

Linear porosity 58 59 61 99

  101 199 

      NDE  techniques used 97 

Linear regression analysis 74 

Liquation 346 

Liquation cracking 24 30 189 199 

      aluminum-alloy welds 283 

      austenitic stainless steels 266 268 

      nickel-alloy welds 334 336 345 349

  350 

      titanium-alloy welds 313 

Liquid-metal embrittlement 20 

      austenitic stainless steels 268 

      nickel alloys 351 
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Liquid penetrant inspection 27 29 41 59

  61 69 100 108 

      capabilities 100 

      crack in resistance seam weld of titanium 

 alloys 207 

      electroslag welds 204 

      guidelines for selection 42 

      navy circular patch test 27 

      requirements 100 

      technique used 100 

      to detect cracks after plasma arc welding 65 

      to detect cracks in electron-beam welding 63 

      to detect discontinuities in electroslag welding 65 

      to detect discontinuities in friction welding 66 

      to detect macrofissures 204 

      to detect undercutting 204 

Liquid sulfide films 14 

Liquid temperature gradient 5 

Liquidus composition (TL) 72 

Liquidus temperature (TL) 8 9 73 74 

      aluminum-alloy welds 285 

Lithium 

      in aluminum alloys weldability 

 characteristics 286 

      in aluminum-alloy welds 285 

Load-carrying cruciform joint 152 153 

Load-carrying cruciform weldments 160 161 

Load-carrying fillet weld 152 

Loading, and pressure tests 91 

Loading rate 127 

Local brittle zone (LBZ) 165 166 234 235

  237 

Local compression 307 

Localized planar shrinkage 62 
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Localized plastic straining 168 

Localized remelted metal 58 

Local thinning 171 

Location of welds 41 

Long crack growth 141 

      conditions leading to dominance of 142 

Longitudinal, bead-on-plate test 24 

Longitudinal cracking 61 62 70 201 

      NDE  techniques used 97 

Longitudinal grooves 100 101 

Longitudinally loaded groove weld 152 

Longitudinal section 43 

Longitudinal tensile tests, HAZ of postweld heat 

  treated C-Mn steel weld 226 227 

Longitudinal wave test 

      immersion method 66 

      manual-contact 66 

Long lives 159 

Long (stage II) crack growth 141 

Loose scale 59 

Low-alloy quenched and tempered steels 

    ductile-to-brittle transition curves 127 

Low-alloy steels 14 44 45 

      hardness and ability to deform 

 without rupture 69 

      hardness-based technique for creep damage 

 assessment 174 

      hot cracking 19 

      preheat and interpass temperatures 373 

      stress-corrosion cracking 242 

      structural, hydrogen-induced cracking 80 

      weldability 366 
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Low-alloy steels, specific types 

      HY, chemical compositions 230 233 

      HY, heat input effect on weld 

 properties 230 

      HY, hydrogen-induced cold cracking 246 247 

      HY-I00, hydrogen-induced cold 

 cracking 246 247 

      HY, ductile-to-brittle transition curves 127 

      HY, hydrogen-induced cold 

 cracking 246 247 

Low-alloy steel weldments 13 

Low-carbon steels 13 45 

      acoustic emission monitoring of 

 butt welds 106 

      eddy-current testing 95 

       electroslag welding 204 

       hardness and ability to deform without 

 rupture 69 

       hydrogen-induced cold cracking 246 247 

       NDE  techniques used 95 

       repair welding 182 

Low-coefficient-of-expansion alloys 345 

Low-cycle corrosion fatigue 245 

Lower-shelf energy level 50 

Low-melting inclusions, liquation of 19 

Low-melting-point compounds 45 

Low-melting point elements 13 

Low-hydrogen welding practice 20 81 

Low-quality welding processes 159 160 

Low-temperature aging 277 

Low-temperature sensitization (LTS) 271 
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M 

Machining 123 124 234 306

  331 

       microbiologically influenced corrosion 271 

       niobium alloys 356 

Macrocracks 174 

Macrofissures, in electroslag welds 204 

Macropores 317 

Macroscopic characterization 39 

Macroscopy 69 

Macrosegregation 9 45 314 315 

Macrostructural examination 51 

Magne gage 267 

Magnesium 

       alloying effect on nickel-alloy welds 338 

       in aluminum alloys, and hot tearing 

 susceptibility 285 

       in aluminum alloys, weldability 

 characteristics 287 

Magnesium alloys 12 

       porosity 15 

       weldability 368 

Magnesium silicide 298 

Magnetic arc oscillator, S 

Magnetic flux density 87 

Magnetic particle inspection 41 59 60 61

  69 85 

       capabilities 99 

       deaerator tanks 244 

       electroslag welds 204 

       examples 99 

       flaw image provided 92 

       guidelines for selection 42 
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Magnetic particle inspection (Cont.) 

       limitations 99 

       nonrelevant indications 99 

       not recommended for electroslag welding 65 

       operational requirements 99 

       sensitivity 99 

       to detect cracks in electron-beam welding 63 

       to detect discontinuities in electroslag welding 65 

       to detect discontinuities in friction welding 66 

       to detect macrofissures 204 

       to detect undercutting 204 

       wet fluorescent 244 

Magnetic particle testing (MPf) 48 86 87 91

  99 

       contrast and definition of 93 

       flaw types technique used for 97 

       material types  tested by 95 

       NDE technique selected on basis of weld 

 geometry 96 

       qualitative assessments 93 

Magnetic permeability 89 95 

Magnetization methods 87 

Malleable cast irons 

       repair welding 183 

       weldability (processes, procedure and 

 remarks) 365 

Manganese 

       alloy content effect on solid-state 

 transformations 13 

       alloying effect on nickel-alloy welds 338 

       content effect on hot cracking tendency 14 

       content effect on hydrogen-induced cold crack- 

 ing of martensitic stainless steels 254 

       content in welds 44 



Index Terms Links 

 

This page has been reformatted by Knovel to provide easier navigation. 

Manganese (Cont.) 

       effect on aluminum-alloy welds color match 298 

       effect on austenite transformation to martensite 

 during cooling 251 

       effect on HAZ in steel welds 218 

       effect on multipass welding 222 

       effect on  toughness in HAZ 221 

       and hot cracking 14 19 

       in filler metals 220 

       migration to embrittled austenite grain 

 boundaries 132 

       reducing cracking in austenitic stainless 

 steels 266 268 

       as strengthener 14 

       to increase surface tension of terminal solidifica- 

 tion fluids 74 

Manganese silicates 274 275 

Manganese silicate stringers 208 

Manganese silicides 274 275 

Manganese sulfide inclusions 20 

       in flash welds 208 

Manganese-to-sulfur ratio 19 

       and hot cracking 14 

Manifold systems 261 

Manual point counting 278 

Maraglng steels 12 

       ductile-to-brittle transition curves 127 

       weldability 366 

Marine environments, structural ferritic steels 

  crack-growth constants 171 

Martensite 15 24 44 49

  52 218 221 

       and cold  cracking 200 
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Martensite (Cont.) 

       formation avoided and hydrogen-induced 

 cracking 79 

       formation in ferritic stainless steels 261 

       formed during ferritic stainless steel welding 259 

       formed in  upset butt welds in steel wire 209 210 

       in solidification structure 13 

       volume in HAZ of carbon steel welds 218 

Martensite completion point (Mf) 254 

Martensite-free HAZ, low-carbon alloy steels time 

  spent in  temperature range 80 

Martensite in the heat-affected zone 46 199 220 

Martensite start temperature (Ms) 254 255 

       elements lowering 254 

Martensitic packet sizes 233 

Martensitic phase transformation, resistance spot 

  weld strength related to acoustic emissions 108 

Martensitic precipitation-hardened  

 stainless steels repair welding 185 

Martensitic stainless steels 252 

       correlations of heat treatment and carbon 

 content 255 

       ductility 257 

       electrodes or welding rods used as filler metals 

 for use in arc welding 184 

       filler metals and their properties listed 257 

       filler metal selection 255 

       HAZ hardness 252 

       heat treatment 254 

       hydrogen-induced cold cracking 252 

       interpasstemperatures 258 

       postweld heat treatment 255 

       preheating 255 258 

       pretreating 254 
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Martensitic stainless steels (Cont.) 

       tempering 254 255 258 

       weldability 366 

       weldability and cracking 252 

Massive voids 63 212 

Material properties 159 160 

Material selection and fabrication,  

 material toughness requirements 132 

Material strength 145 

Material tensile strength 169 

Material toughness 167 

Mavericks 150 151 152 153

  154 

Maximum allowable cyclic stress 136 170 

Maximum columnar grain width 12 

Maximum crack length (MCL) 73 74 75 137

  285 

Maximum inspection interval 171 

MC carbides 346 

Mean fatigue strength 149 

Mean stress effect 121 

Mechanical gages 86 

Mechanical stress relief 168 239 

Mechanical testing 49 

Mechanical vibration 315 

Medium-carbon steels 

       electroslag welding 204 

       hardness and ability to deform without 

 rupture 69 

       repair welding 183 

       weldability 366 

Melting temperature range 72 73 74 

Melt-through 41 58 61 

Metal-inert gas welding, aluminum alloys 307 
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Metallic inclusion, NDE  techniques used 97 

Metallographic examination 48 199 

Metallographic replication methods 174 

Metallography 

       poor fit-up in resistance spot welds 207 

       titanium alloy resistance seam weld failure 207 

       to examine stress-corrosion cracking in 

 deaerator tanks 245 

       upset butt weld martensite formation in steel 

 wire 209 

Metallurgical discontinuities 58 

Metallurgical weld discontinuities 57 

Metal oxide reduction 16 

Metastable beta alloys 312 313 314 318

  319 320 

Meter-reading instrument 88 

Methylene chloride 331 

Methyl-ethyl-ketone (MEK) 325 

Microalloying 237 

Microbiologically influenced corrosion (MIC) 194 

       austenitic stainless steels 270 271 

Microcracking 16 174 175 200 

       nickelalloys 348 349 

       nondestructive evaluation techniques used 97 

Microfissures 24 75 195 249

  273 

       austenitic stainless steels 268 273 

       in electroslag welds 204 

       nickel-alloy welds 347 

Microflaws 96 

Microhardness testing 50 

Microhardness traverse tests 49 52 54 

Micropores 317 

Microscopy 69 
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Microsegregation 9 10 13 39

  45 72 190 193

  195 314 

       nickel-alloy welds 335 

Microshrinkage, NDE  techniques used 97 

Microstructural examination 174 

       of duplex stainless steels 278 

Microstructure 39 

 See also Weld microstructure 

       effect on HAZ toughness 220 

       parameters influencing 3 

       weld-metalandHAZ 11 15 

       weld-metal composition 15 

Microvoid coalescence 20 138 199 

Microvoids 275 276 

Mild steel 

       crack growth rate 123 

       fatigue strength 158 

       fatigue strength improvement 

 treatments 158 159 160 

       initiation-propagation model 156 157 158 

       repair welding 182 

       S-N diagram slope 153 

       weldability 366 

Military specifications, MIL-E03A(SH) 18 

Mill scale 16 

Miniature specimens 176 

Misalignment 114 120 

       angular 120 

       axial 120 

       NDE  techniques used 97 

Mismatch 63 65 100 

Missed seams 63 

Modified spot Varestraint test 30 
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Moisture-free gas lines 81 

Molybdenum 

       addition to 542000 to modify tempering 

 response 258 

       alloy content effect on solid-state 

 transformations 13 

       content effect on hydrogen-induced cold crack- 

 ing of martensitic stainless steels 254 

       in austenitic stainless steels, sigma-phase 

 embrittlement tendency 269 

       in filler metals 220 

       in filler metals for austenitic stainless steels 273 

       as strengthener 14 

Molybdenum alloys 

       bend transition temperature of alloys  welded 

 in helium 358 

       ductile-to-brittle transition 

 temperature 357 359 360 

       ductility 357 359 

       filler metals 358 

       hot cracking 357 

       inherent characteristics 357 

       interstitial contamination 357 

       interstitial impurities effect 360 

      microstructure 357 

      porosity 357 

      postweld heat treatment 357 

      preheating and welding heat input 359 

      stress relieving 358 

      surface cleaning 358 

      weldability 368 

      welding procedures 358 

      welding processes 356 

      weld properties 360 
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Molybdenwn-bearing corrosion-resistant 

  alloys, weldability 332 336 339 

Monels 

      weldability 368 

      welding with nickel filler metal 6 

Monoethanolamine (MEA) 242 243 244 

Monotonic strength coefficient 155 

Monotonic strength exponent 155 

Multipass arc welds 43 

Multipass welds 41 

      microstructures and property ranges of 

 heat-affected zones 128 129 

Multiple-pass welds 12 

      hydrogen cracking 202 

      slag inclusions 60 

      visual inspection 98 

Mushy zone 8 9 347 

N 

Narrow-gap techniques 220 

Narrow groove preparation 235 

Naval Research Laboratory (NRL) keyhole restraint 

  cracking test 25 

Navy circular patch test (cold and hot crack 

  test)  27 28 

NbC carbides 348 

Near-alpha alloys 312 313 317 318

  319 320 

Necklace porosity 212 

Needle peening 307 

Neuber’s rule 155 

Neural network software 97 

Nick bend test 24 

“Nick-break” tests 48 
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Nickel 

      alloy content effect on solid-state 

 transformations 13 

      content effect on hydrogen-induced cold crack- 

 ing of martensitic stainless steels 254 

      effect on HAZ in steel welds 218 

      in aluminwn bronzes, and embrittlement 20 

      in cupronickels, and embrittlement 20 

      in filler metals 220 

      as strengthener 14 

Nickel-alloy cladding 341 

Nickel alloys 

      electroslag welding 204 

      hot cracking 19 

      weldability 332 

      weldability (processes, preheating, postweld heat 

 treatment, and remarks) 368 

Nickel alloys, specific types 

      200, weldability 339 

      201, weldability 339 

      301, weldability 344 

      400, weldability 335 339 

      600, weldability 332 334 337 339 

      625, weldability 348 

      713C, weldability 344 350 

      718, weldability 345 347 348 349

  350 

      800, weldability 332 336 

      909, weldability 345 

      C-4, weldability 332 336 

      C-22, weld ability 332 336 337 

      G-3, weldability 332 336 

      G-30, weldability 332 336 



Index Terms Links 

 

This page has been reformatted by Knovel to provide easier navigation. 

Nickel alloys, specific (Cont.) 

      Hastelloy B-2, weldability 332 333 335 336

  340 

      Hastelloy C-276, weldability 333 336 337 

      Inconel 718, weldability 329 330 

      Ni-28Mo, weldability 335 

      Ni-42Mo, weldability 335 

      René 41 weldability 346 

      René 108 weldability 349 

      René 220C weldability 345 347 

Nickel-alloy welds, properties of 329 

      advantages 329 

      age-hardening gamma-prime alloys 343 

      aging 329 

      alloy effects on weldability 337 

      annealing temperatures for corrosion-resistant 

 nickel and nickel-base alloys 338 

      cast nickel-base superalloys 348 

      categories 329 

      clad material 341 

      clad metals and overlays 350 

      cleaning of workpieces 330 

      cobalt-base alloys 351 

      dissimilar metals 350 

      electrical resistivity 331 

      general welding characteristics 329 

      HAZ fissuring 334 

      HAZ liquation cracking 346 

      hot cracking 333 336 347 

      impurities effect 347 

      liquation cracking 334 336 345 349

  350 

      liquidus-solidus temperature 331 

      low-coefficient-of-expansion alloys 345 
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Nickel-alloy welds, properties of (Cont.) 

      mechanically alloyed products 345 

      microfissuring 347 

      microstructure 329 

      postweld heat treatment 329 339 348 

      postweld strain-age cracking 345 

      precipitation-hardenable nickel 

 alloys 341 342 343 

      repair welding 342 350 

      residual stresses 340 346 

      secondary carbide (gamma double prime) 

 alloys 344 

      solidification cracking 336 

      solid-solution nickel alloys 332 

      solid-solution nickel alloys, grain boundary 

 precipitation 333 

      solid-solution nickel alloys, HAZ properties 332 

      strain-age cracking 349 350 

      stress relieving 339 346 

      thermal conductivity 331 

      thermal expansion 331 

      welding of castings 342 

      welding of dissimilar metals 340 

      welding processes 330 

      welding to HSLA steels 350 

      weld  metallurgy 345 

      weld overlay cladding 342 

Ni3(AI, Ti)phase 12 

Nickel-basealloys 35 260 

      ductility-dip cracking 20 269 

      relative potency factors for selected alloying ele- 

 ments 73 
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Nickel-base alloys, specific types 

      Cabot alloy 214, hot ductility testing 76 79 

      Cabot alloy 214, Varestraint testing results 74 76 

      625, maximum crack length vs. equilibrium melt 

 ing  temperature range 75 

      625, melting temperature data for weldability 

 study 74 

      625, niobium alloyed compositions weldability 73 74 

      625, niobium-free composition, weldability 73 

      625, Varestraint testing and weldability 

 study 73 74 

Nickel-base corrosion-resistant alloys weldability 330 339 340 

Nickel-base superalloys 12 

      reheat cracking 76 

      reheat cracking resistance 77 

      weldability 330 343 

Nickel-chromium alloys 331 

      weldability 333 336 337 338 

Nickel-chromium-iron alloys 331 

      weldability 333 336 337 345 

Nickel-chromium-molybdenum alloys weldability 333 336 337 

Nickel, commercial purity, weldability 368 

Nicke-copperalloys 331 

      weldability 332 336 337 

Nickel equivalent 45 250 251 

Nickel-free alloys, tempering 255 

Nickel (18%) maraging steel, solidification 

  structure 13 

Nickel-molybdenum alloys, weldability 333 336 

Nickel-rich silicide 277 

Nickel steels, weld-cracking tests 202 203 

Nil ductility temperature (NOT) 34 35 125 204 

Nil strength temperature (NST) 34 35 

Nimonics, weldability 368 
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Niobium 

      as addition to ferritic stainless steels 266 

      as addition to 542000 to modify tempering re- 

 sponse 258 

      content effect on alloy 625 73 74 

      effect on HAZ in steel welds 218 

      in filler metals for austenitic stainless steels 272 

      promoting cracking in austenitic stainless 

 steels 266 268 

      as promoter of hot cracking 19 

      to stabilize ferritic stainless steels 265 266 

      to stabilize ferritic stainless steels autogenous 

 welds 259 260 

Niobium alloys 355 

      advantages 355 

      aging 356 

      applications 355 

      compositions 355 

      ductile-to-brittle transition temperature 356 

      ductility 355 356 

      embrittlement 355 

      limitations 355 

      microstructure effect 356 

      porosity 15 356 

      surface preparation 356 

      weldability 368 

      welding conditions effect 356 

      welding processes 355 

      weld properties 356 

Niobium carbides 20 74 268 269

  270 

Nippes, Savage and Grotke classification  

 scheme hot ductility curves 35 

Nitrates  242 
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Nitrides  200 280 

Nitrogen 

      added to heat-affected zone for toughness 220 

      addition effect on pitting corrosion 194 

      additions to weld compositions 45 

      affecting wetting characteristics of austenitic 

 stainless steels 266 

      as cause of gas hole formation 336 

      effect on molybdenum and tungsten 

 alloys 357 

      and  reheat cracking 18 

Nitrogen pickup 251 267 

Nitronic alloys, porosity 269 

Nodes  102 

      radiographic testing 89 

Nodes in offshore structures, stress relief 122 

Node welds, NOE techniques selected 96 

Nodular irons, repair welding 183 

Noise  91 93 95 

      acoustic emission monitoring 107 

Nominal stress range 136 

“Nominal” weldments 141 142 145 154

  156 

      combined effect of weldment size  

 and fabrication stresses 159 160 

Nondestructive evaluation (NOE) 39 48 85 86

  180 

      examples 96 

      flaw types 96 

      methods 86 

      method selection 94 

      performance 92 

      technique selection on basis of material 95 

      technique selection on basis of weld geometry 96 
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Nondestructive evaluation (NOE) (Cont.) 

      test-operator training 92 

      weld geometry effect 95 

Nondestructive evaluation (NOE) equipment to  

   estimate expended life, elevated-temperature 

   creep  174 

Nondestructive evaluation procedures 

      routine 91 

      special 91 

Nondestructive examination of welded joints 

      flaw acceptance criteria 138 

Nondestructive testing 47 199 

      base-metal defects 180 

Nonferromagnetic metals 99 

Non-load-carrying cruciform joint 152 

Non-load-carrying cruciform weldments 156 157 158 

Nonmetallic inclusions 

      in electroslag welds 204 

      in flash welds 208 

Non-reheated zone 49 

Normalizing 220 222 

Normal section 43 

Notch acuity 127 

Notched-bar impact tests 125 

Notch effect 114 121 

Notch locations for  toughness testing 130 

Notch placement 47 

Notch root 154 

Notch-root mean stress 155 156 

Notch-root plasticity 155 156 

Notch-root residual stress 160 

Notch sensitivity, and fatigue behavior of 

   aluminum-alloy welds 301 
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Notch severity 152 160 

       of the discontinuity 159 

Notch tip, positions of 166 

Notch toughness 201 233 234 

Notch zone 51 

Nugget-fusion temperature 205 

Nugget-to-beam-diameter ratios 104 105 

O 

Offset  100 

Omega phase 53 

One-side access welds, NDE  techniques selected, 

On-stream monitoring approach 171 172 

Open root gaps 278 

Operating life 86 

Optical emission spectroscopy 45 

Optical microscopy 53 

Oriented cavitation 174 175 

Original grain diameter 12 

Overaging 300 

Overfilling 114 

Overlapping 41 58 61 98

  99 200 

       NDE  techniques used 97 

Overload failure 46 

Overloading 124 125 

Overload zone 50 51 

Oxidation 262 

       nickel-alloy welds 342 351 

       of shielded arc welds 200 

Oxidation correction factors 176 

Oxide entrapment, in friction welds surfaces 211 

Oxide formation 245 
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Oxide inclusions 16 58 220 

       NDE  techniques used 97 

Oxides  79 200 217 

       and nickel-alloy welds 331 

Oxide-scale measurement techniques 174 

Oxyfuel welding, for repair welding 183 

Oxygen 

       absorption of gas 16 

       affecting wetting characteristics of austenitic 

 stainless steels 266 

       effect on austenitic stainless steel weld 

 penetration 269 

       effect on molybdenum and tungsten 

 alloys 357 

       as variant in unalloyed titanium products 312 

P 

Painting  234 

Paris equation 155 

Paris law 136 170 

Paris law crack-growth constants 172 

Paris power law 142 

Partially melted region 189 

Partial melting 75 

Partial penetration welds 150 151 152 

      in T-joints 103 

Passivation treatment 195 

Peak temperature 12 

Pearlite, in HAZ microstructure 15 

Peening  12 63 87 124

  125 

      titanium alloys 187 

Pellini drop weight test 132 134 

Pellini’s fracture analysis diagram 125 127 
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Penetrameters 94 100 

      ASTM and ASME plaque-type 100 

Penetrants 

      flaw types  techniques used for 97 

      NDE technique selected on basis of weld 

 geometry 96 

Penetrant testing 48 85 86 91 

      contrast and definition of 93 

      flaw image provided 92 

      material types  tested by 95 

      qualitative assessments 93 

Penetration 

      defined 60 

      excessive 100 

      inadequate 199 201 

      inadequate, in electrogas welds 205 

      inadequate, in electron-beam welds 212 

      inadequate, in electroslag welds 204 

      inadequate, in laser beam welds 213 

      inadequate, in resistance welds 205 

      incomplete 66 

      lack of 41 47 58 63

  65 101 114 195 

      lack of, acoustic emission monitoring for 

 detecting 105 

      lack of, causes 60 

      lack of, in resistance spot welds 207 

      lack of, magnetic particle inspection for 

 detecting 99 

      lack of, radiography for detecting 101 

      lack of, ultrasonic inspection 103 

Penetration depth 88 89 

Penumbra effect 93 

“Percent ferrite,” 251 278 
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Periodic checks 173 

Periods of process of fatigue in weldments 141 

Peritectic/eutectic solidification of 

  austenite (FA-type) 268 

Pessimum value of fatigue notch factor 155 

Peterson’s constant 155 

Peterson’s equation 155 

Phase balance assessment 278 

Phase diagrams 72 

Phase makeup of the weld 39 

Phase separation 88 

Phase-transformation count 108 

Phosphides 200 273 

Phosphorus 184 200 

      alloying effect on nickel-alloy welds 338 

      effect on duplex stainless steels hot cracking 277 

      effect on weldability 73 

      effect on weld metal 222 

      in austenitic chromium-nickel steels and 

 embrittlement 20 

      in ferritic stainless steels 265 266 

      in filler metals for austenitic stainless steels 272 

      and liquation cracking of nickel-alloy welds 347 

      migration to embrittled austenite grain 

 boundaries 132 

       as promoter of hot cracking 19 

       promoting cracking in austenitic stainless steels 266 268 

       and reheat cracking 18 

       segregation 13 

Pickling  63 325 331 

       niobium alloys 356 

       tantalum alloys 354 

Piezoelectric transducers 90 

Pinning effect 218 
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Pipe joints 101 

Pipeline steels 46 

       all-weld-metal tensile test 49 50 

       bulk composition of weld 48 

       Charpy V-notch impact testing 50 

       crack tip opening displacement test specimen 51 

       DBTI determination using Charpy test 50 51 

       defects in a multipass weld 47 

       example 47 

       galvanic corrosion 241 

       macroscopically visible defects 48 

       microhardness readings 52 

       multipass weld parameters 46 

       preheat and postweld heat treatments of 

 welds 372 

       transverse section, pores visible 48 

       transverse tensile test 49 

       weld microstructure of transverse section 49 

Pitting  180 190 193 195 

       austenitic stainless steels 270 271 273 

       duplex stainless steels 279 

       ferritic stainless steels 258 

       in deaerator tanks 245 246 

       duplex stainless steels 280 

Pitting corrosion test 278 281 

Pitting potential 193 

Plain-carbon steels 14 

Plain-carbon weldments 13 

Planar growth 6 11 

Planar specular reflectors 90 

Plane front solidification, constitutional supercooling 

  criterion 6 

Plane-stress plastic collapse modified strip yield 

  model  135 
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Planishing, titanium alloys 187 

Plant life, extending of 173 

Plasma arc welding, (PAW) 

       failure  analysis of weldments 203 

       for repair welding 179 183 

       for stainless steels 249 

       nickel alloys 330 

       niobium alloys 356 

       repair welding 186 

       tantalum alloys 354 

       titanium alloys 311 320 323 325 

       usability, cost, and other factors for arc welding 

 carbon steels 369 

       weld discontinuities 63 64 65 

Plasma dressing 123 125 

Plasma keyhole welding, aluminum alloys 307 

Plastic, bulk, NDE  techniques used 95 

Plastic collapse 114 134 163 165

  166 

       failure-assessment diagrams 167 

       resistance of structure to 135 

       stress 167 

Plasticity 114 

Plug welded double lap joint 145 146 

Pockmarks 98 

Poisson equation 34 

Poisson relation 33 

Polarity effect, welding of dissimilar metals 206 

Polygonal ferrite. See Ferrite polygonal 

Polymorphic transformations 76 

Pool, growth rates within 3 4 

Pool shape, unknown 3 4 

Poor restart, NDE  techniques used 97 

Poor weld cleanup, in friction welds 211 



Index Terms Links 

 

This page has been reformatted by Knovel to provide easier navigation. 

Poor weld contours 

      in electroslag welds 204 

      in flash welds 208 

      in electrogas welds 205 

      in electron beam welds 212 

Poor weld shape, in laser beam welds 213 

Pepin  164 165 

      fracture behavior 164 165 

Pores  90 101 

Porosity  15 40 43 48

  58 63 121 199

  201 

      acoustic emission monitoring for detecting 105 

      aligned 94 

      austenitic stainless steels 266 269 

      clustered 94 

      effect on ultrasonic testing 96 

      elimination through workmanship standards 16 

      hydrogen damage 202 

      in butt weld 121 

      in electrogas welds 205 

      in electron beam welds 212 

      in electroslag welds 65 204 

      in flash welds 208 

      in friction welds 211 

      in laser beam welds 213 

      in plasma arc welds 65 

      in resistance welds 66 205 

      interdendritic 15 

      in transverse groove welds 121 

      isolated 94 

      magnetic particle inspection for detecting 99 

      molybdenum and tungsten metals and alloys 357 

      nickel-alloy welds 336 
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Porosity (Cont.) 

      niobium alloys 356 

      pinhole 41 42 

      rhenium alloys 356 

      spherical 15 

      tests for 69 

      titanium-alloy welds 317 

      ultrasonic inspection 103 

      volume and weld cooling rate 15 

      as volumetric imperfection 114 

Postheating 80 81 

Postweld annealing, ferritic stainless steels 262 263 

Postweld heat treatment 124 125 182 200

  244 

      austenitic precipitation-hardened steels 186 

      carbon alloy steel welds 217 225 

      duplex stainless steels 277 279 

      effects on HAZ weld properties of 

 C-Mn steel 225 

      ferritic stainless steels 184 264 

      for stainless steels 249 

      and heat-affected zone of aluminum-alloy 

 welds 300 

      martensitic stainless steels 185 254 255 

      molybdenum alloys 357 

      nickel alloy welds 329 339 348 

      reheat cracking 76 77 

      steel pressure vessel and pipe welds 372 

      tantalum alloys 354 

      titanium-alloy welds 314 317 318 320

  321 

      to prevent hydrogen-induced cold cracking 246 

      to reduce corrosion susceptibility 195 

      to reduce residual stresses 121 
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Postweld heat treatment (Cont.) 

      to reduce stress-corrosion cracking 194 

      upset butt welds of steel wires 210 

Postweld solution heat treatment, for austenitic stain- 

  less steels, to prevent intergranular corrosion 21 

Postweld strain-age cracking, nickel-alloy welds 345 

Postweld tempering, martensitic stainless steels 254 

Postyield fracture criteria 126 

Powdered metal additions 220 

Powder metallurgy tungsten products 361 

Precipitation-hardenable nickel alloys 341 342 343 

      age-hardening gamma-prime alloys 343 

      annealing 343 

      HAZ liquation cracking 346 

      impurities effect 347 

      low-coefficient-of-expansion alloys 345 

      mechanically alloyed products 345 

      postweld strain-age cracking 345 

      secondary carbide (gamma double prime) 

 alloys 344 

      weldability 341 

      weld metallurgy 345 

Precipitation-hardened stainless steels 12 

      cold cracking 249 

      recommended filler metals for repair welding 185 

      repair welding 185 

      weldability 366 

Precipitation hardening 18 

Precipitation-hardening alloys 12 

Precipitation-hardening reactions 76 77 

Precipitation-strengthened high-temperature alloys 

     solution treatment and aging cycles 342 

Precipitation strengthening 221 

Precracking 166 
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Precrack zone 51 

Preheating 15 80 81 83

  182 183 195 

      carbon alloy steel welds 230 

      carbon steels 202 

      definition 223 

      duplex stainless steels 277 

      effect on  transition temperature of welded 

 steels 225 

      ferritic stainless steel 

 welds 184 259 261 264 

      heat treatable steels 373 

      low-alloy steels 373 

      martensitic stainless steels 184 253 255 258 

      methods used 223 

      purposes 223 

      steel pressure vessel and  pipe welds 372 

      steels 374 

      titanium-alloy welds 314 

      to prevent hydrogen-induced cold cracking 246 

       to reduce lamellar tearing 18 

       ultra-high strength steels 373 

Pressure vessel plate steels, preheat and postweld 

  heat treatments of welds 372 

Pressure vessels 

       postweld heat treatment effects on HAZ weld 

 properties 225 

       stress-relieved 122 

       welded, proof testing of 91 

Preweld cleaning, for flash welds 208 

Preweld heating 200 

Procedure-related effect 45 

Primary austenite 193 
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Primary dendritic arms 9 

       solidification rate 10 

Primary ferrite 192 193 

       solidification 252 

Primary stresses from application loads 115 

Prior-austenite 220 

Probability of detection 177 

Probe beam angles 90 

Probes  90 

Probe scanners 97 

Procedule qualification limitations 378 

Prod magnetization 87 

Productivity 180 

Proeutectoid ferrite 13 14 

Programmed thermal cycle, Gleeble test method 33 

Projection welding 66 

       failures in 205 

Pry testing 66 

Pseudo-constant-amplitude loading 145 

Puckering, NOE techniques used 97 

Pulse-echo  ultrasonic inspection 104 105 

       of resistance welds 66 

Pulses, rise time of 90 

Pumphrey-Moore diagram 287 

Pure nickel 12 

Q 

Qualification codes and standards 378 

Quality-assurance system 91 

Quality control 86 

       fracture control plans 132 

       techniques 85 

Quantitative modeling 8 

Quench cracks, in resistance seam welds 206 
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Quenched-and-tempered steels 

       fatigue strength 158 

       heat input 230 

       hydrogen-induced cold cracking 246 247 

R 

Radiating cracks, NOE techniques used 97 

Radiation heat transfer 33 

Radiation pyrometer 32 

Radiation scattering 95 

Radiative heat loss 34 

Radiographic testing 

       flaw image provided 92 

       qualitative assessments 93 

Radiography (Radiographic inspection) 39 59 60 61

  85 89 100 204 

       butt welds in low-carbon steel plates 106 107 

       circular patch test 27 

       factors  affecting resolution level 42 

       films replaced by real-time imaging 

 systems 96 

       flaw  types technique used for 97 

       guidelines for selection 42 

       material types tested by 95 

       microfocus techniques 96 

       Navy circular patch test 27 

       NDE  technique selected on basis of weld 

 geometry 96 

       penetrameters 100 

       providing permanent record of test results 91 

       real-time 101 

       sensitivity 93 95 101 

       subsurface discontinuities 101 

       supplemented with ultrasonic testing 93 
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Radiography (Radiographic inspection) (Cont.) 

       surface discontinuities 100 

       as test for weld and base metal imperfections 69 

       to detect discontinuities in electroslag welding 

          to detect laminations in electrogas welds 204 

       to detect lack of fusion discontinuities in plasma 

 arc welds 65 

       to detect lack of fusion in friction welds 66 

       to detect macrofissures 204 

       to detect planar flaws 95 

       to detect subsurface discontinuities in electron 

 beam welds 63 

       to detect subsurface weld cracks in plasma 

 arc welds 65 

       to detect subsurface discontinuities in plasma 

 arc welds 65 

       to detect tunneling in plasma arc welds 65 

       to find  tungsten inclusions 60 

       with x-ray microfocus techniques  and digital im- 

 age enhancement to detect diffusion weld 

 discontinuities 68 

Rapid cooling 262 

R-curves 126 

Reaction stresses 121 

Real scatter 145 

Real-time imaging systems 96 

Real-time radiography 101 

“Recommended Practice for Qualification and  

 Certification inNDT,” (SNT-TCA) 92 

Recrystallization 262 

       titanium-alloy welds 312 

Red iron oxides 88 

Reduction reactions 16 

Reflected-beam techniques 60 
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Refractory metals, welded to dissimilar titanium 

  sheet  51 52 

Refractory metal welds, properties of 353 

       advantages 353 

       limitations 353 

       molybdenum alloys 356 

       niobium alloys 355 

       rhenium alloys 356 

       tantalum alloys 353 

       tungsten alloys 356 

Reheat cracking 14 18 24 25

  76 

Reheat thermal cycle 222 

Reheat zone 49 

Reinforcement 63 180 

       excessive 61 

Reinspection intervals 174 175 

      vs. service life for APTEC/EPRI remaining useful 

 life method and Wedel-Neubauer 

 method 176 

Relative potency factor (RPF) 72 

      defined 72 

      for selected alloying elements in binary 

 aluminum 73 

      for selected alloying elements in binary iron 73 

      for selected alloying elements in binary nickel 73 

Relaxed flaw-acceptance criteria 169 

Reliability factor (RF) 148 150 161 

Remaining life 175 177 

Remaining-life assessment 172 

Remelting 123 124 306 

Remote mean stresses 154 

Repair welding 163 179 

      austenitic stainless steels 183 
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Repair welding (Cont.) 

      base-metal preparation 181 

      base metal weldability 180 

      cast irons 183 

      categories 179 

      codes and standards 180 

      component history terms 179 

      duplex stainless steels 186 

      environmental conditions affecting 

 field welding 181 

      equipment availability 181 

      failure categories 180 

      guidelines for various base metals 182 

      heat-affected zones 182 

      high-carbon steels 183 

      incidence of 177 

      low-carbon steels 182 

      medium-carbon steels 183 

      mild steel 182 

      nature of failure 180 

      nickel-alloy welds 350 

      precipitation-hardening stainless steels 185 

      preliminary assessment 180 

      stainless steels 183 

      titanium 186 

      titanium alloys 186 

      welding process selection, factors for 

 consideration 180 

Repassivation 193 

Replication-based assessment procedure 175 

Residence time 12 

Residual-field method 100 

Residual magnetism 100 

Residual stress effects 46 
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Residual stresses 15 16 62 136

  161 166 167 194 

      aluminum-alloy welds 300 305 

      base metal strength effect 158 

      changes in weldments subjected to tensile 

 loading 237 

      compressive 158 

      effects on brittle fractures of welds 238 

      effects on fatigue fracture of welds 240 

      effects on fatigue life 142 

      effects on service behavior of carbon alloy steel 

 welds 237 

      fabrication 154 156 158 159 

      failure assessment 168 

      from weld joints 113 

      in welded joints 121 

      lamellar tearing 81 

 molybdenum alloys 359 

 nickel-alloy welds 340 346 

 preheating and 80 

 postheating 80 

 reduced by multipass welding 222 

 reheat cracking 76 77 

 tensile 18 170 

 titanium alloy welds 311 312 318 321

  324 

 welding 119 122 123 138

  154 156 168 

 welding, and stress ratio calculation 171 

Resistance arc welding, niobium alloys 356 

Resistance butt welding 205 

 advantages 209 

Resistance  curve (R curve) 165 

Resistance heater 33 
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Resistance seam welding 

 failures in 205 

 quench cracks 206 

 titanium alloy stator vane cracks  

 due to metal expulsion (fatigue) 207 

Resistance  spot welding 145 

 acoustic emission monitoring 107 

 acoustic emission monitoring to determine 

 strength of 108 

 aircraft drop tank failure  due to poor fit-up 207 

 failures in 205 

 nickel alloys 330 

 stiffener joining to skin of an aircraft drop 

 tank failure due to poor fit-up 207 

 tantalum alloys 354 

 ultrasonic inspection 106 

Resistance welding 

 duplex stainless steels 186 

 for stainless steels 249 

 molybdenum and tungsten metals and 

 alloys 356 

 variables affecting quality of 205 

 weld discontinuities 63 66 

Resistance welds 

 acoustic emission testing 90 

 failures in 205 

 inadequate weld properties affecting nugget 

 formation 206 

Restraint cracks, in friction welds 211 

Retained austenite 13 15 191 

Rewelding 70 

Rhenium alloys 

 ductility 356 

 porosity 356 
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Rhenium alloys (Cont.) 

 weldability 356 

 welding processes 356 

Rigid restraint (RRC) test 24 

Rimmed steels 15 245 

Ring-casting castability test 287 

Ripples  11 

Riveted joints 144 

Robotic welding 261 

Rolling, austenitic stainless steels 267 

Room-temperature impact properties, ferritic 

  stainless steels 264 

Root bend tests 48 

Root concavity, NDE  techniques used 97 

Rootcracks 61 62 69 104 

Root flaws 93 

Root gap 202 

Root-pass 86 258 

Root porosity 212 

Ropey reinforcement 202 

R-ratio  145 149 150 156 

Runoff tab, use of 72 

Rupture life 173 

Rust  16 199 

Rutile  280 

Rutile-coated metal arc electrodes 240 

S 

Safe reinspection intervals 175 176 

Safety, desired level of 148 149 

Sandblasting 99 

Scale correction factors 307 

Scanning acoustic microscopy 68 

Scanning electron microscopy 45 52 
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Scatter  153 166 

Schaeffler austenite-martensite boundary 251 

Schaefflerdiagram 45 250 251 252 

Scheil equation 9 284 

Seam welding 66 

Seawater environment, ferritic steel threshold 

   stress-intensity factor range 138 

Secondary carbides 344 

Secondary dendritic arms 9 10 

       solidification rate 10 

Secondary stresses 167 168 

Second-phase particles, in stainless steels 249 

Second-phase segregates 19 

Second-phase transformation 12 

Segregated bands 227 

Segregation 58 200 

Selenium 184 

       effect on austenitic stainless steels weld 

 penetration 269 

       effect on porosity 16 

       promoting cracking in austenitic stainless 

 steels 266 

Self-induced stresses caused by welding 

  distortions 160 

Semiaustenitic precipitation-hardened  

 stainless steels repair welding 185 

Sensitivity 88 177 

       requirements 169 

Sensitization 191 193 194 

       austenitic stainless steels 270 271 

       control of 192 

       ferritic stainless steels 260 262 264 

       temperature range 270 271 
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Service life 189 

       expended 175 

“Set-up cycle” analysis 155 

“Set-up cycle” simulation 156 

Severn gage 267 

Shear  199 

Shear-wave ultrasonic (SWU) inspection 244 

Shielded-metal arc welding (SMAW) 13 

       austenitic stainless steels 271 272 273 274

  275 276 277 

       chevron cracking 20 

       duplex stainless steels 186 280 281 

       failure analysis of weldments 201 

       ferritic stainless steels 264 

       for repair welding 179 181 183 

       for stainless steels 249 

       hydrogen contamination 17 18 

       martensitic stainless steels 253 

       metallurgical discontinuities 58 

       nickel-alloy welds 330 

       rating as function of weld parameters and 

 characteristics 181 

       repair welding of austenitic stainless steels 183 

       structural carbon steels 371 

       toughness in HAZ 220 

       usability, cost, and other factors for arc welding 

 carbon steels, 

       weld-cracking tests on nickel steels 202 

       Xsteel pipe, parameters for 46 

Shielded metal arc weld/flux-cored arc weld 47 

Shielding gas, for ferritic stainless steel welds 261 265 

Ships, brittle fracture of 124 

Ship steels, brittle fracture 132 

Short (stage I) crack growth 141 142 
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Shotblasting 99 

Shot/needle peening 124 125 

Shot peening 307 

       nickel-alloy welds 340 

Shrinkage 98 

       weld metal 81 83 

Shrinkage cavity, NDE techniques used 97 

Shrinkage groove, NDE  techniques used 97 

Shrinkage of welds 237 

Shrinkage stresses 246 

Shrinkage voids 41 58 

       aluminum-alloy welds 290 

Shunting 66 

Sigma phase 45 262 276 277

  279 

       continuous brittle 192 

       nickel-alloy welds 331 

Sigma phase embrittlement 186 

       austenitic stainless steels 269 

Sigmajig test (hot crack test) 30 

Signal/noise ratio 93 94 

Silicon 

       alloying effect on nickel-alloy welds 338 

       content effect on alloy 625 73 74 

       content in welds 45 

       effect on aluminum-alloy welds color match 298 

       effect on fracture-mechanisms in austenitic 

 stainless steels welds 274 275 

       effect on multipass welding 222 

       effect on weld metal 222 

       in austenitic stainless steels, sigma-phase 

 embrittlementtendency 269 

       in filler metals for austenitic stainless steels 272 
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Silicon (Cont.) 

       migration to embrittled austenite grain 

 boundaries 132 

       promoting cracking in austenitic stainless 

 steels 266 268 

Silicone rubber replicas, decanted weld pool shape 

  evalaution 32 

Silicon-killed carbon steels, for electron beam 

  welds  212 

Silicon-killed low-carbon steel, coarse grain 

     base metal cracking 68 

Silicon-killed steel, postweld heat treatment 

  effects on HAZ weld properties 225 

Simulated welding 23 

Simulated weld tests 180 

Single-pass weld, slag inclusions 60 

Single-phase alloys 13 

Single-phase metals 12 

Single-sided welds 82 

Single V welds, NDE techniques selected 96 

Single V-groove weld 

       lack of fusion 60 

       lack of penetration 60 

       visual inspection 99 

Single-V groove welded butt joint 152 

Size of welds 41 

Sizing accuracy 86 

Skin effect 87 

Skip distance 102 

Slag entrapment 41 42 48 59

  142 

Slag inclusions 42 57 58 59

  92 121 199 

       in butt welds 121 
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Slag inclusions (Cont.) 

       in electroslag welds 204 

       magnetic particle inspection for detecting 99 

       NDE techniques used 97 

       radiography for detecting 101 

       tests for 69 

       as volumetric imperfections 114 

       ultrasonic inspection 103 

       weld toe regions 234 

Sliding wear 182 

Slivers  180 

Slope of liquidus (mL) 72 

Slope of solidus (mS) 72 

Slosh testing 207 

Slot test  24 

Slot welded double lap joint 145 146 147 

Smearing 63 

S-N curve 153 156 

       approach 135 137 169 170 

S-N diagrams 153 

S-N fatigue, titanium-alloy welds 322 323 

Softening 

       degree of 293 

       reactions 173 

Solid composition 9 

Solidification behavior 3 

       solute segregation 8 

       welding effects on microstructure 13 

       weld grain structure 4 

       weld pool shape 6 

Solidification cracking 24 71 114 200 

 See also Hot cracking 

       austenitic stainless steels 266 267 268 269 

       duplex stainless steels 277 280 
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Solidification cracking (Cont.) 

       nickel alloys 336 

       relationship between susceptibility and 

 Creq/Nieq ratio 267 

       titanium-alloy welds 316 

Solidification front growth rate 6 

Solidification shrinkage 

       aluminum-alloy welds 283 284 

       stresses 24 

Solid inclusion, NDE techniques used 97 

Solid/liquid interface 4 6 8 9

  10 

Solid/liquid surface tension 74 

Solid protuberance 10 

Solid-solution hardening effect, nickel in steel welds 

  HAZ  218 

Solid-solution nickel-base alloys 

       alloy effects on weldability 337 

       alloying segregation 334 

       applications 332 

      clad material 341 

      compositions 332 

      fusion zone 334 

      grain growth 333 

      hot cracking 333 

      hot-cracking susceptibility 336 

      porosity 336 

      postweld heat treatment 339 

      repair welding 342 

      unmixed zone 337 

      weldability 332 

      welding of castings 342 

      welding of dissimilar metals 340 

      weld overlay cladding 342 
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Solid-solution strengthening 221 

Solid-state diffusion 66 

Solid-state diffusion bonding, tantalum alloys 354 

Solid-state transformation, solidification 

  structure influence 13 

Solidus composition (TS) 72 

Solidus temperature (TS) 9 12 73 74

  285 

Solute banding 11 

Solute banding lines 11 

Solute content of the liquid at solid-liquid interface 9 

Solute  content of the solid at solid-liquid interface 9 

Solute diffusion coefficient in liquid 6 

Solute segregation 8 

      and hot cracking 8 

      solidification rate 10 

      solute banding 11 

Solute-sensitive reagents 13 

Solution annealing 185 

      duplex stainless steels 277 

      nickel-alloy welds 339 340 342 348 

Solution heat treating 

      austenitic stainless steels 270 

      titanium alloys 187 

Solvent degreasing, ferritic stainless steels 259 

Solvent-removable red penetrants 87 

Sour environments 242 

Spark test 180 

Spatter  43 48 58 59

  98 

      in resistance welds 206 

      NDE  techniques used 97 
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Specifications, specific types 

      A4.2 (ANSI/AWS), magnetically determined 

 ferrite  numbers (FNs) 251 

      A5.4 (ANSI!AWS), covered electrode 

 classification scheme 258 

      A5.9 (ANSI/AWS), solid wires standard 

 compositions 258 

      A5.14 (ANSI/AWS), filler metal bare-wire 

 classifications 273 

      A5.22 (ANSI/AWS), flux-cored electrode 

 standard 258 

      B4.0(ANSI/AWS), “Standard Methods for 

 Mechanical Testing of Welds,” 197 

      1104 (API), quantification of defect structures 42 

      1104 (Section X, API), weld procedure 

 qualification 278 

      747 (ASTM), “Method for Controlling Quality of 

 Radiographic Examination Using  

 Wire Parameter,” 94 

      A 47 (ASTM), malleable irons 183 

      A 48 (ASTM), gray cast irons 183 

      A 220 (ASTM), pearlitic malleable irons 183 

       A 475 (ASTM), property requirements for wires 

 and cable strands 209 

       A 602 (ASTM), automotive malleable irons 

 castings 183 

       E 390 (ASTM), reference radiographs for steel 

 welds and the “Structural Welding Code,” 42 

       E 399 (ASTM) 46 

       E 616 (ASTM), letter code for crack 

 orientation 276 

       G 48 (ASTM), weld metal pitting corrosion 

 resistance 281 
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Specifications, specific types (Cont.) 

       A 4.2 (AWS), calibration procedures for magnetic 

 measurement techniques 267 

       A 5.1 (AWS), “Carbon Steel Electrodes for 

 Shielded Metal Arc Welding,” base- 

 metal mechanical properties of electrodes 46 182 183 

       A 5.4 (AWS), “Stainless Steel Electrodes for 

 Shielded Metal Arc Welding,” 183 

       A 5.5 (AWS), “Low Alloy Steel Covered Arc 

 Welding Electrodes, “ 183 

       A 5.8 (AWS), “Filler Metals for Brazing,” 183 

       A 5.9 (AWS), “Bare Stainless Steel Welding 

 Electrodes and Welding Rods,” 184 

       A 5.13 (AWS), “Solid Surfacing Welding Rods 

 and Electrodes,” 182 

       A 5.15 (AWS), “Welding Electrodes and Rods 

 for Cast Iron, “ 183 

       A 5.16 (AWS), “Specification for Titanium and 

 Titanium Alloy Bare Welding Rods and 

 Electrods,” 187 325 

       A 5.17 (AWS), “Carbon Steel Electrodes and 

 Fluxes for Submerged Arc Welding,” 182 

       A 5.18 (AWS), “Carbon Steel Filler Metals for 

 Gas-Shielded Arc Welding,” 182 

       A 5.20 (AWS), “Carbon Steel Electrodes for 

 Flux-Cored Arc Welding,” 182 

       A 5.21 (AWS), “Composite Surfacing Welding 

 Rods  and Electrodes,” 182 

       A 5.23 (AWS), “Low Alloy Steel Electrodes and 

 Fluxes for Submerged Arc Welding,” 183 

       A 5.28 (AWS), “Low Alloy Steel Filler Metals for 

 Gas-Shielded Arc Welding,” 183 

       A 5.29 (AWS), “Low Alloy Steel Electrodes for 

 Flux Cored Arc Welding,” 183 
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Specifications, specific types (Cont.) 

       D 10.6 (AWS), “Recommended Practices for Gas 

 Tungsten-Arc Welding of Titanium Pipe and 

 Tubing,” 326 

       D 11.2 (AWS), “Guide for Welding Iron 

 Castings,” 183 

Specified minimum yield strength (SMYS) 132 

Spheroidal-graphite cast irons, repair welding 183 

Spiking  212 

Spitting  107 

Spot heating 307 

Spot Varestraint test (hot crack test) 30 349 350 

Spot welding 66 

Stable crack growth zone 51 

Stable fracture 116 

Stabilizers 265 

       content effect on ferritic stainless 

 steels 263 264 265 

Stainless steels 

       delta ferrite role in weld deposits 192 

       dendrite arm spacing 11 

       electroslag welding 204 

      hot cracking 19 

      hot ductility testing 35 

      L-grades 270 

      passivation treatment 195 

      repair welding 183 

      sensitization 44 45 191 

      300-series 260 

      weld decay of 191 

Stainless steels, specific types 

      530400, weldability 13 20 189 190

  192 271 

      530403, weldability 20 41 192 242 
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Stainless steels, specific types (Cont.) 

      530800, weldability 20 272 273 

      530803, weldability 20 

      531000, weldability 192 266 

      531603, weldability 192 

      531653, weldability 271 

      531800, weldability 184 

      532100, weldability 20 184 192 270 

      532700, weldability 192 

      532760, weldability 280 

      534700, weldability 20 184 268 269

  270 

      534800, weldability 20 184 

      540900, weldability 261 

      541000, weldability 203 244 253 254

  256 257 

      542000, weld ability 258 

      544400, weldability 265 266 

      544626 (E-Brite), weldability 260 261 

      544627 (E-Brite 26), weldability 260 261 264 265 

      544735 (AL 29C), weldability 261 

      300M, weldability 208 

      26Cr-1Mo, weldability 263 265 

Stainless steel welds, properties of 249 

      austenitic stainless steels 266 

      constitution diagrams 250 

      corrosion resistance 249 

      duplex stainless steels 277 

      ferritic stainless steels 258 

      martensitic stainless steels 252 

      welding processes used 249 

Staircase cracking 20 

Standards for Fatigue and Fracture Control 134 

Standard tensile test  45  
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Start-of-life defect size (a0) 115 

Staticloading 114 115 

Stead’s reagent 13 

Steels 

      hot cracking 19 

      preheat and interpass temperatures 374 

      weldability by steel type 366 

Steels, AlSI-SAE, specific types 

      1010, weldability 212 

      1018, weldability 14 

      1020, weldability 14 

      1045, weld ability 14 

      1055, weldability 210 

      1080, weldability 15 209 

      4140, weldability 246 

      4340 (200), weldability 127 246 350 

      BS4360, weldability 116 

Steels, specific types 

      80, weldability 127 

      grade 50B, weldability 116 

      σvs/40, weldability 127 

Stefan-Boltzmann constant 34 

Stokes law 15 

Stop/starts 114 

Storage, aluminum-alloy welds 289 

Strain  71 

Strain-age cracking 76 

 See also Reheat cracking 

      nickel-alloy welds 349 350 

Strain-age weldability 343 345 

Strain aging 129 131 

Strain-controlled fatigue life concepts 155 

Strain-controlled fatigue properties 154 

Strain-monitoring techniques 174 
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Strain rate 131 

Strap joints 303 

Strength mismatch 166 

Stress concentration 117 

      effects 115 126 

      factor 114 120 

Stress concentration effect of the weld factor 

  incorporating 137 

Stress concentrators 114 199 

      relative fatigue behavior of welded joints 

 vs. unwelded components 170 

Stress corrosion 190 193 

Stress-corrosion cracking 46 50 114 164

  171 191 193 195

  242 

      aluminum-alloy welds 296 

      austenitic stainless steels 270 271 275 

      caustic 244 

      ferritic stainless steels, resistance of 258 259 

      from  welding residual stresses 240 

      in oil refineries 242 

      and liquid penetrant testing 198 

      nickel-alloy welds 331 333 339 

      residual welding stresses effect 238 

Stress-corrosion cracking defect tolerance 

  parameter 242 

Stress-intensity factor (K) 135 143 165 

      range 136 137 

Stress raisers 70 199 

      in flash welds 208 

Stress range 137 154 

Stress ratio 171 

      calculation of 138 
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Stress ratio of net-section stress to flow strength 

  of material 135 

Stress relief, of welded joints 122 

Stress relief annealing 19 

Stress-relief cracking 76 

 See also Reheat cracking 

Stress relieving 27 83 124 134

  227 242 244 

      aluminum-alloy welds 306 

      effect on brittle fracture of weldments 239 

      effect on transition temperature of 

 welded steels 225 

      ferritic stainless steels 260 

      molybdenum and tungsten metals and alloys 358 

      nickel-alloy welds 339 346 

      postweld 18 243 246 

      titanium-alloy welds 312 314 318 321

  325 

      treatment 239 

Stress-rupture strength chromium- 

 molybdenum 

  Steels  174 

Stress waves 91 

Striation mechanism 138 

Stringers 180 

Strip-back method 341 

Structural carbon steels, preheat and interpass tem- 

   peratures for selected thicknesses 371 

Structural integrity assessment 167 

Structural failure by rupture 177 

Structural ferritic steels, crack-growth  

 constants marine environments 171 

Structural steels, crack tip opening displacement vs. 

   grain- coarsened heat-affected zone 235 236 
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Structural steels, (ASTM), specific types 

       A 36, weldability 14 18 43 

       A 106 grade B, weldability 241 

       A 285 grade C, weldability 241 

       A 514, weldability 246 247 

       A 517, weldability 246 247 

       A 537, weldability 43 

       A 572 grade 65, weldability 17 

       A 588, weldability 14 18 

“Structural Welding Code” (AWS) 17 46 

Stud-arc welding, usability, cost, and  

 other factors for arc welding carbon steels 370 

Subcritical grain-coarsened heat-affected zone 129 

Subcritical heat-affected zone 129 218 219 

Subcritically reheated grain-coarsened heat-affected 

   zone (SRGCHAZ) 218 219 

Submerged arc cladding, austenitic stainless steels, 

Submerged arc welding 184 

       alloy  additions effect on hardness and notch 

 toughness 223 

       austenitic stainless steels 271 272 273 274

  275 276 

       chevron cracking 20 

       duplex stainless steels 186 280 

       failure analysis of weldments 202 

       for  repair welding 179 183 

       for stainless steels 249 

       hydrogen contamination 17 

       metallurgical discontinuities 58 

       multipass welding 222 

       postweld heat treatment effects on HAZ weld 

 properties of C-Mn steel 225 

       rating as function of weld parameters and 

 characteristics 181 
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Submerged arc welding (Cont.) 

       structural carbon steels 371 

       structural steels 43 

       toughness in HAZ 220 

       usability, cost, and other factors for arc welding 

 carbon steels 370 

Subscale Varestraint test 30 31 265 266 

Subsequent remote welding 154 

Subsolidus 41 

Subsolidus cracking, titanium-alloy welds 317 

Subsurface contamination, in plasma arc welding 65 

Subsurface porosity 59 

       and diffusion bonding 67 

Subsurface weld cracks, in plasma arc welding 65 

Sulfide films, liquid 14 

Sulfide inclusions 18 

Sulfides  200 217 273 

Sulfur  200 

       alloying effect on nickel-alloy welds 338 

      effect on austenitic stainless steels weld 

 penetration 269 

       effect on duplex stainless steels  hot cracking 277 

       effect on porosity 16 

      effect on weldability 73 

      effect on weld metal 222 

       grain-boundary segregation 20 

       in austenitic chromium-nickel steels and 

 ernbrittlement 20 

       in ferritic stainless steels 265 266 

       in filler metals for austenitic stainless steels 272 

       and liquation cracking of nickel-alloy 

 welds 347 

       promoting cracking in austenitic stainless 

 steels 266 268 
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Sulfur (Cont.) 

       and reheat cracking 18 

       to provide surfactant property 74 

Sulfur embrittlement, nickel-alloy welds 340 

Superaustenitic stainless steels 260 

       solidifying as austenite when welded 266 

Supercooling 6 9 10 

 See also Constitutional 

  supercooling 

Super duplex stainless steels, resistance to chloride 

   stress-corrosion cracking 281 

Supersaturation 200 253 

surface cracks 99 

Surface finishing 195 

Surface holes 99 

Surface pore, NDE techniques used 97 

Surface roughness 67 

Surface tension forces 8 

Surface  tension gradient 8 

T 

Tack welding, aluminum-alloy welds 290 

Tantalum, stabilizing titanium alloy phases 52 

Tantalum alloys 353 

       advantages 353 

       arc oscillations effect 355 

       compositions 353 

       ductility 354 355 

       elevated temperature tensile  strength 354 

       embrittlement 353 354 

       fusion zone  microstructure 354 

       interstitial impurities effect 355 

       limitations 353 

       postweld heat treatment 354 
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Tantalum alloys (Cont.) 

       surface preparation 354 

       tensile properties 354 

       weldability 368 

       welding conditions effect 355 

       welding processes 353 

       weld properties 354 

Tantalum-tungsten-molybdenum alloys 354 

TCMP steels 230 233 246 247 

Teardown method 66 

Tearing  199 

Tekken test (cold crack test) 24 25 

Temperature at the jaw 33 

Temperature gradient G 3 4 5 

       aluminum-alloy welds 285 

       effect on solute segregation 9 

       preheating and 80 

      variations 3 4 

Temperature of the lowest melting eutectic (TE) 285 

Temper embrittlement 129 131 168 

Tempering 80 222 

       aluminum-alloy welds 301 

      ferritic stainless steels 262 

      martensitic stainless steels 254 255 258 

Tensile loading, residual stresses changes in 

   weldments when subjected to 237 

Tensile properties, submerged arc welds of quenched 

  and tempered steels 233 234 

Tensile residual stresses 124 126 

Tensile shear spot weld 143 

Tensile shrinkage stresses 16 

Tensile stresses 16 34 70 

      base metal strength effect 158 

      biaxial 78 
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Tensile stresses (Cont.) 

      hot cracking 24 

      preventing HAZ cracks 77 

      triaxial 78 

Tensile tests 54 175 

      for upset butt welds 209 210 

Tension  199 

Tension restraint cracking (TRC) test 24 

Tension tests 49 51 

Ternary alloy phase diagrams 72 

Test coupons 23 

Test-operator training 92 

Test procedures 91 

      defined 91 

      technique 91 

T-filletwelds, NDE techniques selected 96 

T-groove welds, NDE techniques selected 96 

Thermal aging 275 

Thermal conductivity 33 

Thermal-contraction stresses 200 

      in electrogas welds 205 

Thermal cycling 44 62 306 

Thermal expansion mismatch 191 

Thermal gradients 6 9 

      effect on solidification mode and growth rate 11 

      and hot cracking 20 

      invariant direction of maximum 5 

      and weld pool shape 6 

Thermal profile Gleeble testing 33 

Thermal severity number (TSN) 27 81 

Thermal shock 

      in laser beam welds 213 

      martensitic stainless steels and filler metals 258 

      molybdenum alloys 359 
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Thermalstrain, accumulated 72 

Thermal stresses 

      aluminum-alloy welds 284 

      ferritic stainless steels 260 
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Table A1 Weldability ofcastirons

Chilled and while cast lrons

Gray cast iron

Duclileirons

Malleable cast
iron (ferritic
and pearlitic)

Corrosion-resistant
cast irons (highSi,
high Cr, high Ni)
and heat-resistant
cast irons

Iron-nickel-chrom
ium heat-resist
ing alloys (e.g.,
PH Incoloy, 800,
802,901)

Weld proce....

MMA, MIG, TIG, oxy
acetylene. Filler rods
3.5C-3Si-0.6P

Most fusion processes

Use low hydrogen rods.
Canbe successfully
brazed or soldered.

TIG most widely used
especially in thin sections.
Also manual arc (<12 mm
thickness) is used. MIG is
employed where TIG is
not practical. Submerged
arc is employed for thick
sections provided a suit
able flux is available.
Fillers are employed to
produce weld metal of
similar composition to
the base metal.

Procedwe

Ferritic gray irons are readily welded but
complex irons are difficult to weld. Increas
ing silicon above 2% also decreases weld
ability. Preheat to 400-600 °C or to 1000 °C
with 60/40 brass filler (bronze welding).
Preheat to avoid hard brittle deposit. Diffi
cult to machine unless preheated. Prone to
cracking-eool slowly and/or stress relieve
at 600°C when hot. Can also peen when red
hot.

Welding should be done on fully annealed
material. Composition affects weld quality.
For MIG a 60Ni-4Fe filler is best. Preheat to
250°C. Interpass 80-100 -c.

Preheat or other procedures to minimize heat
buildup. Heat concentration shouldbe held
to a minimum. Very important to clean
before welding to avoid porosity and low
joint strength.

Welding confined to minor repair of cast
ings subject to availability of filler mate
rials. For more extensive welding proper
ties of material should be determined.

Heat input kept low. Rapidly cool to main
tain weld ductility. Precipitation-harden
able alloys containing AI, Ti, Ni are very
difficult to weld. Can obtain high joint
efficiency up to 2.5 mm thickness. Sensitive
to cracking and require preweld and post
weld heat treatment and selection of most
suitable filler material. Solid solution
strengthened alloys are more easily welded.

Remarks

Complications in weld metal
and heat-affected zones.
Massive free carbide and
martensite in weld deposit.
Welding used in repair of
castings and production of
welded assemblies. Filler
materials are cast iron, low
carbon steel, nickel-base
alloys, copper-base alloys

(a)

(a)

Welding not recommended

(a)

Usual range of tempera-lure,
1200-1400 dc. Limits the
selection of filler materials
and possible pre- and
postweld treatment.

(a) Cast irons are less weldable than carbon steel owing to higher carbon and siliconcontent leading to lower ductility. More metallur
gical complications occur in weld metal and heat-affected zones. Massive free carbide and martensite occur in weld deposit. Filler ma
terials are cast iron, low-carbon steel, nickel-base alloys, copper-base alloys. With MIG, base wire electrodes of low-carbon steel and
nickel-base alloys are also used. Source: AdaptedfromN. Waterman and M. Ashby, The Materials Selector, 2nd ed., Volume 1, Chapman
and Hall, 1997, P 709
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TableA2 Weldability of steels

Preheat, Interpass, Hold Postweld,
Sleeltype 'C 'C cool,'C 'C Remarks

Mild steel Excellent weldability-no precautions
necessary with rutile and basic electrodes.

Vanadium steel Low-carbon grade electrodes. Minimum
heat input 30 k]/rom for 30 rom thickness,
unless preheating or low-hydrogen
electrodes are employed.

C-Mnsteel 100-200 For thick sections, low hydrogen electrode,
(0.15-0.025C) high-heat input, and preheat. For thin

sections, no preheat required.
C-Mnsteel 100-250 For thick sections, low hydrogen electrode,

«0.2 C, <1.4Mn) highheat input, preheat. For thin sections,
no preheat required.

Medium carbon 250-350 Highheatinput. Low hydrogen electrodes.
steel

High-strength 250-300 Highheat input. Lowhydrogen electrodes.
low-alloy low
carbon (HSLA)

Carbon-molyb- 150-300 650-700 Filler as parent metal.
denum

Medium carbon 200-350 200-350 550-600 Filler rod lower carbon than parentmetal.
and low alloy thick Make test welds with highly hardenable .

150 thin low-alloy steels.
Chromium- 250-300 Nonnalize 870-980 Filler as parent metal, but lower Cr. Post-

molybdenum Temper 680-770 weld treatment depends on properties.
steels Anneal 840-900

Stress relieve 700-730
Cryogenic steels Electrodes 50Ni-16Cr/Fe Electrodes 25Cr-

(9Ni,5Ni) 20Ni Fe-25Cr-12Ni Fe Preheat/postweld
not required up to 50 mm thickness.

Martensitic stain- 250 250-350 80-100 700-750 No special precautions ifC < 0.1%. Auste-
less steels (AISI 250 250-350 150-180 700-750 nitic fillers or fillers for matching strength.
410, AlSI 420) Require preheat to avoid H2 cracking.

Tendency to hardenwhen cooled from
high temperatures.

Martensitic Weldingnot recommended
stainless 440

Ferritic stainless 200 Anneal after Limited transformation to martensite via
steels welding 70O-SS0 austenite can occur. Grain growth. Two

factors reduce ductility. Mostweldable
grades containAl, Nb to retain ferrite.

Precipitation- Good weldability. If joint strength not
hardened stain- required equal to parent metal, use 18Cr-
less steel alloy W 8Ni type filler. For precipitation-hardened

joint use similar composition and preclpi-
tate harden after welding.

Precipitation stain- 650-870 Good weldability. Weld in annealed condi-
less steel types: then refrigerate tion. Filler depends on mechanical pro-
17-4PH, 15-5 PH, or cold work. perties required. Canbe precipitation
17-7PH, 15-7Mo hardened stainless steel. Postweld treat-

mentprecipitates carbides and martensite.
Austenitic stain- Arc welding not recommended. Flash

less steels (301, welding possible.
302)

Austenitic Notrecom- 950-1150 Excellent weldability. Filler materials of
stainless steel mended If undertaken-c-or similar compositionbuthigher alloy
types: 303, 304 L, stress relieve below content. Weld cracking is avoided by
304,305,309,310, 650°C (to avoid ensuring that the weld contains 5-10%
314,316,321,347 weld decay). ferrite. Weld decay (chromium carbide

precipitation) leads to loss of corrosion
resistance. Minimized by C <0.03% or add
Nb, Ti (stabilized steel) and pay regard to
post-weld heat treatment. HAZ liquation
cracking: Low energy input. Fine grain
size. Ferrite;" 5%

Maraging steels Age after welding Soft martensite matrix. No risk of decarbur-
at500°C izatton, distortion or cracking. Very poor

weldability.

Source: Adapted from TheMaterials Selector, 2nd ed., Volume 1, Chapman and Hall, 1997, p 704-707
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TableA3 Weldability of nonferrous metals

Malerial Weldingprocesses Preheat,OC Poslweld,'C Remarks

Aluminumalloys

Series 1000,pure Al MIG, TIG, gas Thick sections only Mostwelds left in Readily weldable, sheets and pressings
resistance, laser as-welded

condition
Series 2000, Al-Cu Resistance Thick sections only As welded or (a) Notnormally fusion welded
Series 3000, Al-Mn MIG, TIG, gas Thick sections only As welded Readily weldable, building and

resistance, laser transport applications
Series 4000, Al-Si Thick sections only As welded Not normally welded
Series SOOO, Al-Mg MIG, TIG, resist- Thick sections only As welded Readily weldable, high strength

ance, gas, laser welded applications
Series 6000, Resistance,MlG, Thick sections As welded or Widelywelded butwelds have low

Al-Mg-Si TIG reheated(a) strength and care must be taken to
avoid cracks

Series 7000, Resistance, MIG, Thick sections As welded or Canbe welded, structures with high
Al-Zn-Mg TIG reheated(a) mechanical strength through age-

hardening
Series 8000, Al-Li MIG, TIG, laser, Thick sections As welded or Canbe welded, careful choice of

electronbeam reheated(a) filler wire to avoid cracking

Copperand copperalloys

Tough pitch copper, MIG, TIG, electron For arc welding pre- Difficult to weld-high-temperature
Deoxidized copper beam resistance, heat thick sections weakness, porosity, low weld

MIG,MMA up to 700°C and duclility(b)
conserve heatwith
insulating blanket

High conductivity MIG, TIG, electron Same as tough More suitable for welding, especially
copper beam, resistance, pitchCu with copper fillers(b)

MIG,MMA
Brass (<20% Zn) MlG,TIG 25Q-400 Stress relief Good weldability
Brass Resistance 2SQ-400 Excessive zinc or 2% Pb gives hot

(20% <Zn < 40%) shortness (weld-metal cracking).
Zinc causes porosity. Use oxidizing
conditions

High tensile brass 2SQ-400 Susceptible to lead and sulfur
(additions embrittlement. Aluminum impedes
Pb-Fe+Al) coalescence ofliquid metal

Phosphor bronze TIG, resistance Heavy sections Peen at 480-S00 °C Relatively good weldability
(CuS-B%Sn) MIG, 175-290°C then rapid cool

electronbeam for maximum
ductility

Gunmetal (S-10% TIG, resistance Same as phos- Same as phos- Hot cracks and porosity (avoid
Sn,2-S%Zn) MIG, electron phorbronze phorbronze overheating or joint stressing).

Greater than 2% Pb gives hot
shortness

9%Sn Resistance good, Weldingnot recommended at or
arc welding fair above 9% Sn

Siliconbronzes TIG,MIG, Preheat 20--65°C Canbe welded by arc, resistance
(Cu3%Si1%Mn) resistance methods.

Avoid stressing joints. Filler as
parent metal

Aluminum bronzes TIG, resistance, 20-1S0 Good weldability
(Cu-S% Al, Cu-10% MIG,
Al, S% Fe, S%Ni) electronbeam

Nickel silver (10-18% TIG, resistance 20-110 Not required Good weldability
Ni,2S%Zn)

Cupronickel (Cu-10 TIG, MIG, MMA Not normally Not required Readily weldable, argon gas
NiFe,Cu-30 Ni Fe) required

Copper beryllium Electronbeam Increasing beryllium decreases
(1.0-2.7S%Be, weldability. Poor heat conductors.
2.S-o.2%Ni) Toxic fumes

(continlled)

(a) Heat treatable aluminum alloys maybe re-heat treated after welding. (b)Hmetal of identical composition is not required, use fillers
of silicon or phosphor bronze or brazing.
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TableA3 Continued

Material Weldingprocesses Preheat,OC Postweld, ·C Remarks

Nickelalloy.

Commercial purity TIG, MIG, manual Notnormally Necessary to Solutionhardened nickel alloys: Low
nickel, Nickel- are, electron required avoid intergran- ductility temperature range; avoid
copper (Monels), beam ular corrosion stressingwelds. Particularly
Nickel-molyb- susceptible to hot shortness with Pb,
denum-chromium S. Danger of oxide formation.
(Hastelloys), Generally good weldability.
Nickel chromium Generally more viscous than steel
(lnconel 600,625) except Hastelloys.This should be

allowed for in joint designs
Nickel-chromium- TIG,MIG Anneal in inert Resolu tion trea t Precipitation-hardened alloys.

cobalt-aluminum- atmosphere and age after Susceptible to heat-affected zone
titanium (Nimonics) before welding welding (some cracking

alloys can be
solution treated
before and aged
after welding)

Titanium alloy.

CP grades and TIG, MIG, electron Weld in annealed Stress relieve Highly reactive, requires good
alpha alloys beam, resistance condition 40Q-650·C shielding. No filler is used below

pressure, flash 2.5 mm thickness. Otherwise
butt parent metal or commercial

purity titanium is used
Ti-6Al-4V TIG, electron 2hat53B·C

beam, resist- Complete
ance pressure, aging during
flash butt stress relief

Air-hardenable alloys Air hardenable alloys. Welding
(fi-4Al-4Mo-O.5Si- not recommended
2-4Sn, Ti-2.25Al-
llSn-Si,Ti-2.25Al-
llSn-5Zr-Si,Ti-6Al-
5Zn-Mo-Si, Ti-6Al-
6V-2Sn)

Ti-13V-llCr-3Al Electronbeam, Cold work and Low strength welds, ductile as welded
beta alloy resistance pres- fully reheat

sure, flash butt treat

Otheralloys

Lead and zinc-lead Gas resistance, Equal to base metal in corrosion
alloys TIG resistance and strength. Lead easy,

Pb-Sb more difficult. Zinc difficult.
Fillers of parent metal

Molybdenum and Electronbeam, 150for TIG welded Briltle-avoid restraint on joints.
tungsten alloys TIG tungsten alloy 0.05%oxygen in argon arc. Grain

growth occurs(c)
Niobium, tantalum, TIG, electron Stress relieve Broadly similar to titanium. Can weld

tantalum alloys beam IhatB16·C tantalum alloys to give very high
with up to 15%, room temperature bend strength(c)
Hf,Mo,W,Re

Zirconium TIG Weld in annealed Stress relieve Zirconium requires even better
condition 40Q-650·C protection (chamber) than

titanium(c)
Beryllium Electronbeam Brittle-avoid restraint on joints.

pressure 0.05%oxygen TIG. Grain growth
welding, TIG occurs. Satisfactoryjoints obtainable

Magnesium TIG, resistance Heat thin sections to Stress relieve an- Weldable, butprone to stress
prevent cracking neal wherever corrosion in alloys containing
260-3BO·C possible, parti- aluminum. Ce, Th are used in Mg Zn
depending on alloy cularly when Zr alloy to improve weldability.
recommendations likely to be ex- Welding of alloys containing zinc

posedtowet only satisfactory with thorium or
or corrosive rare earth additions
environments

(c) Strong reactivity of refractory metals requires thorough protection. Weld pool is prone to recrystallization and low ductility.



Appendix / 369

TableA4 Process selectionguideforarcwelding carbon steels

Weldmelal Bffect on
Usability Cost factors quality basemelal General comments

Shielded melal are welding (SMAWl:

Very adaptable, all-position A low-deposition-rate Strongly dependent on Low heat inputs can Very versatile, low-
process. Canbe used out- process (up to 9 kg/h, or the skill of the welder. cause rapid HAZ cost process.
doors. Gives excellent joint 20Ib/h) with low deposit Lack of fusion or slag cooling. Flux Especially strong
accessibility. Very portable. efficiency (typically 65%). inclusions are potential coatings are a on non-routine or
Can be used on carbon Low operator factor. problems. The rela- potential source repair jobs.
steels down to 18 gage. Joint Equipment cost is low tively small beads of hydrogen. Usuallynot
preparation is required on and spare parts are mini- usually result in a high economical on
thicknesses over 3.2 mm (Va mal. Welding speeds are percentage of refining standard thick
in.). Unlimited upper thick- generally low. House- in multipass welds, and welds or on
ness but other processes keeping is required to very good toughness is repetitive jobs that
(GMAW,FCAW, or SAW) deslag and dispose of achievable with some can be
are usuallymore economi- flux and electrode stubs. electrodes. mechanized.
cal.

Gas-metal arc welding (GMAWl:

An all-position process in the Deposition rates (to 16 Very good quality. Generally a low- Relatively versatile.
short-arc or pulsed mode. kg/h,or35 Ib/h) are Porosity or lack of hydrogen process. Equipment more
Moderately adaptable, but higher than SMAW. fusion can be a problem. costly, complex,
use limited outside where Deposition efficiency Less tolerant of rust and and less portable
loss of shielding is possible. (90-95%) and operator millscale than flux- thanSMAW.
Usable on steel down to factor (typical 50%) are using processes. Very Easily
<0.25mm (0.010in.) thick. also higher. Equipment good toughness is mechanized. A
Above4.8 mm rIt6in.),re- and spare parts cost are achievable. clean process with
quires joint preparation. moderate to high (pulsed- higher deposition
No upper limit of plate arc power supplies are rates and
thickness. higher cost). Welding efficiencies than

speeds are moderate to SMAW.
high (buried arc CO2can
weld at over 2540
mm/min (100in./min).
Cleanup is minimal.

Flux-cered are welding (FCAWl:

All-position process. Equip- Deposition rates (up to 18 Good quality. Weld Flux core can Relatively versatile
ment similar to GMAW, kg/h, or 40lb/h) are metal toughness is fair contribute (self-shielded
but self-shielded version higher than GMAW. to good (best with hydrogen. version can be
has better portability and is Deposition efficiencies basic electrodes). Slag used outside).
usable outdoors. Minimum (80-90%) are lower but inclusions are a Higher deposition
plate thickness is 18gage. operator factors (50%) potential problem. rates thanGMAW
For self-shielded material are similar to GMAW. (higher fumes
above 6.4mm (%in.), re- Equipment cost is also). Welds easily
quires jointpreparation. moderate. Good out-of- out-of-position.
With CO2 shielding, materl- position deposition rates Readily
als above 13 rom (~in.) re- can be achieved with mechanized.
quire joint preparation. conven-tional power
There is no upper limit on sources. Welding speeds
plate thickness. are moderate to high. Slag

and spatter removal and
disposal is required.

Gas-tungsten are welding (GTAWI/Plasma arc welding (PAWl:

In all-position process with Low deposition rates (up High quality,but A low-hydrogen Extremely good
fair joint accessibility. Lim- to 5.4 kg/h, or 12Ib/h) requires clean plate. process. Low heat welds in all
ited outdoor use. Canweld but high deposition Excellent toughness inputs can cause positions.
very thin ma terial in all po- efficiency (99%).lf auto- possible due to small rapidHAZ Requires more
sitions;GTAW-<0.13mm mated, the operator bead size (high refined cooling. preparation. Low
(0.005 in.) min thickness, factor is high. Equipment weld metal, finer grain deposition rates
joint prep. over 3.2 mm (Va and spare parts cost is size). limit process to
in.), PAW-<0.13 rom moderate to high, de- thinner plates.
(0.005in.) min thickness, pending on complexity
joint prep. over 6.4mm (% (PAW is slightlymore
in.). No upper limit on expensive). Cleanup is
thicknessbut other proc- generally unnecessary
esses are more efficient. due to no flux or spatter.

(continued)
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TableA4 Continued

Usability

Submerged-arc welding (SAW):

Limited to flat and horizontal
position. Semi-automatic
version has some adaptabil
itybut process is mostoften
mechanized and has lim
ited portability. Minimum
material thickness is 1.6
mm (~6 in.) (mechanized).
Joint preparation is re
quired on ma terial above 13
mm (Y2in.)thick. The proc
ess lends itself to welding
thick ma terials.

Cost factors

Deposition rates are very
high (over 45 kg/h, or
100Ib/h with multiwire
systems). Deposition
efficiency is 99% but that
does not include the flux
(a 1:1 flux-to-wire ratio is
common). Because the
process is usually mech
anized, operator factors
are high. Cost is moder
ate for single-wire
systems. High welding
speeds are achievable.
Higher housekeeping
costs result from the need
to handle the slag and
unfused flux.

Weld metal
quality

Very good. Good weld
metal toughness is
possible. Handles rust
and millscalewellwith
proper flux selection.
High-dilution process.

Effect on
base metal

Higher heat inputs
can result in large
HAZ and possible
deterioration of
baseplate proper
ties (especially
quenched and
tempered plate).
Flux is a source of
hydrogen.

General comments

A high-deposition,
high-penetration
process, but thin
material can be
welded at high
speeds. Easily
mechanized.
Natural for
welding thicker
plates.
Housekeeping
and position
limitation can be a
problem.

Blectrogas welding (EGWl/Electroslagweldlng (ESW):

Limited to vertical or near- High joint completion rate.
vertical. O.K. outside. Fair High deposition effi-
portability. Used on plate ciency (solid wires-
9.5 to 102 mm (3Jflto 4 in. 99%,cored wires lower).
thick). High operator factor.

High equipment and
set-up costs.

Large columnar grain
structure results in only
fair toughness. High
dilution of baseplate
(up to 35% for EGW, up
to 50% for ESW).

High heat input
results in large
HAZ and grain
growth. Not
recommended for
quenched and
tempered steels
unless reheat
treatment is to be
done. Slow welds
cooling allows
hydrogen to
escape weld area.

High joint
completion rate,
but limited to
vertical. Used
mainly onlong
vertical welds.
High heat input
can limit
baseplates.

Stud-arc welding:

All-position. OK outside.
Fairportability. Used on
plate 1.0 mm (0.04in.) and
above. Nojointprepara
tion required.

Equipment cost is
moderate.

Minimal weld size.
Usually fine-grained
due to fast cooling.
Weld structure is as
cast.

Causes rapid
cooling ofHAZ.

Specialized process
for attaching
studs to steel
plate. Usually
more economical
than drilling and
tapping.
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Table AS Recommended preheat andinterpass temperatures forselectedthicknesses of structural carbon
steels (AWS D1.1)

ASlM designations

Thickne•• of thlckest part
at point of welding (t)

mm in.

Mlnlmum
temperature(a)(b)(d)

°C of

Category A: Shielded metal are welding with other than low-hydrogen electrode.

A 36(c); A 53, grade B; A 106, grade B;A 131, grades A, B, CS,
D, OS, and E; A 139, grade B;A 381, grade Y35;A 500, grades
A and B;A 501; A 516; A 524; grades I and II; A 529; A 570(h);
A 573, grade 65; A 709, grade 36(c); API 5L(f), grades B and
X42; ABS(g), grades A, B, D, CS, OS, and E

:<;19
19<1:<;38.1

38.1 < 1 :<; 63.5
>63.5

11%
%<I:<;IY2
lY2<1:<;2Y2

>2Y2

(e)
66

107
150

(e)
150
225
300

Category D:Shielded metal arc welding with low-hydrogen electrodes, submerged arc welding, gas-metal are welding, flux-cored arc welding

A 36(c);A53,grade B;A 106,grade B;A 131, grades A, B,CS,
D, OS, E, AH 32, AH 36, DH 32, DH 36, EH 32, and EH 36;
A 139, grade B; A242;A381, grade Y35;A 441; A 500,
grades A and B; A 501; A 516, grades 55, 60, 65, and 70;
A 524, grades I and II; A 529; A 537, classes 1 and 2; A 570(h);
A 572, grades 42 and 50; A 573, grade 65; A 588; A 595,
grades A, B,C, and D; A 709, grades 36, 50, and 50W(c);
A 808; API 5L(f), grades B and X42; API 2H(f), grades 42
~~~~gr~AH~AH~OO~OO~EH~
EH 36, A, B, D, CS,OS, and E

:<;19
19 <I <38.1

38.1 < 1< 63.5
>63.5

:<;%
%<I:<;IY2
lY2<1:<;2~

>2Y2

(e)
10
66

107

(e)
50

150
225

Category C: Shielded metal arc welding with low-hydrogen electrodes, submerged arc welding, gas-metal arc welding, flux-cored arcwelding

A 572, grades 60 and 65; A 633, grade E; API 5L(f), grade X52 :<;19
19<1<38.1

38.1 < 1< 63.5
>63.5

:<;%
34<1:<;1Y2
lY2<1:<;2~

>2Y2

10
66

107
150

50
150
225
300

:<;19 :<;% 10 50
19< 1< 38.1 %<I:<;IY2 50 125

38.1 < 1< 63.5 lY2<1:<;2~ 80 175
>63.5 >2Y2 107 225

0) 0)
CategoryB

A 710, grade A(i)

Category D: Shielded metal arc welding with low-hydrogen electrodes, submerged arc welding with carbon or alloy steel wire, neutral Ilux, gas-metal

are welding, or Ilux-cored arc welding

A 514; A517; A 709, grades 100 and 100W

(a) Welding shall not be done when the ambient temperature is lower than -18°C (0 oF).Temperature of -18 "C (0 oF)does not mean
the ambient environmental temperature but the temperature in the immediate vicinity of the weld. The ambient environmental tem
perature may be below -18°C (0 OF) but a heated structure or shelter around the area being welded could maintain the temperature
adjacent to the weldment at -18°C (0 oF)or higher. When the base metal is below the temperature listed for the welding process being
used and the thickness of material beingwelded, it shall be preheated (except as otherwise provided) in such manner that the surfaces
of the parts on whichweld metal is being deposited are at or above the specifiedminimum temperature for a distance equal to the thick
ness of the partbeingwelded,butnot less than 75 mm (3in.) in all directions from the point of welding. Preheat and interpass tempera
tures must be sufficient to prevent crack formation. Temperature above the minimum shown may be required for highly restrained
welds. For A 514, A 517, and A 709, grades 100 and 100W steel, the maximum preheat and interpass temperature shall not exceed 205
"C (400 oF)for thickness up to 38.1 mm (1Y2in.) inclusive, and 230°C (450 oF)for greater thickness. Heat inputwhen welding A 514, A
517, and A 709 grades 100 and 100W steel shall not exceed the steel producer's recommendations. (b) In joints involving combinations
of base metals, preheat shall be as specified for the higher strength steelbeingwelded. (c) Only low-hydrogen electrodes shall be used
when welding A 86 or A 709 grade 36 steel more than 25.4 mm (1 in.) thick for dynamically loaded structures. (d) When the base metal
temperature is below 0 °c (32 oF),the base metal shall be preheated to atleast21 "C (70 oF)and this minimum temperature maintained
during welding. (e) None. (f)American Petroleum Institute (API) specification. (g) American Bureau of Shipping (ABS) specification.
(h) All grades. (i) All classes. 0) Preheat is not required for the base metal. Preheat for EBOXX-X filler metal shall be as for group C; for
higher strength filler metal treat as group D. Source: Structural Welding Code, Steel, AWS Dl.l, 1992
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TableA6 Recommended preheat andpostweld heattreatment of steelpressure vesselandpipewelds

Minimum preheat Maximum Poolweld heat
andInterpass tensile treatment

Thickness temperature strength temperature rangetc)
AS1M speci.6calion Grade mm in. °C OF MPa ksi °C of

Pressure vessel plate steel

A 203 (Ni alloy sleel) A (a) (a) 120 250 (b) (b) 595-635 110-1175
B (a) (a) 120 250 (b) (b) 595-635 1100-1175
D (a) (a) 150 300 (b) (b) 595-635 1100-1175
E (a) (a) 150 300 (b) (b) 595-635 1100-1175
F (a) (a) 150 300 (b) (b) 595-635 1100-1175

A 204 (Mo alloy steel) <12.5 <0.5 10 50 485 70 595-720 1100-1325
80 175 >485 >70 595-720 1100-1325

~12.5 ~0.5 80 175 (b) (b) 595-720 1100-1325
A 302 (Mn-Mo, Mn-Mo-Ni) A;B <12.5 <0.5 10 50 485 70 595-720 1100-1325

80 175 >485 >70 595-720 1100-1325
~12.5 ~0.5 80 175 (b) (b) 595-720 1100-1325

A 353 (9%Ni) (a) (a) 10 50 (b) (b) 550-585 1025-1085
A 387 (Cr-Ni) 11;12 s12.5 sO.5 10 50 415 60 595-745 1100-1375

>12.5 >0.5 120 250 415 60 595-745 1100-1375
(a) (a) 120 250 >415 >60 595-745 1100-1375

5;22 (a) (a) 150 300 415 60 675-760 1250-1400
205 400 >415 >60 675-760 1250-1400

Pipe

A 333 3 (a) (a) 150 300 (b) (b) 595-635 1100-1175
7 (a) (a) 120 250 (b) (b) 595-635 1100-1175
8 (a) (a) 10 50 (b) (b) 550-585 1025-1085

A 335 PI <12.5 <0.5 10 50 485 70 595-720 1100-1325
80 175 >485 >70 595-720 1100-1325

~12.5 ~0.5 80 175 (b) (b) 595-720 1100-1325
P5 (a) (a) 150 300 415 60 675-760 1250-1400

205 400 >415 >60 675-760 1250-1400
P11;PI2 S12.5 SO.5 10 50 415 60 595-745 1100-1375

>12.5 >0.5 120 250 415 60 595-745 1100-1375
(a) (a) 120 250 >415 >60 595-745 1100-1375

P22 (a) (a) 150 300 415 60 675-760 1250-1400
205 400 >415 >60 675-760 1250-1400

A 672 H75;H80 <12.5 <0.5 10 50 485 70 595-720 1100-1325
80 175 >485 >70 595-720 1100-1325

~12.5 ~0.5 80 175 (b) (b) 595-720 1100-1325

(a) All available sizes perASTMspecifications. (b) Valuesvarywithsize. (c)For more delailed specifications and requirements on posl-
weld heat treating, heating rates, and localized heat treatment, refer to specifications such as: ASME VIII, Division I, Section UW and
UC-56; ASME/ANSI B31.1,Chapter V, Sections 131, 132,330, and 331;or British Specification BS2633,Sections 18 and 22.
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TableA7 Recommended preheat andinterpass temperatures forheattreatable steels

Preheat and Interpass temperature range for Indicated section thlckness(a)
Steel atS13mm(5;lt.!ln.) at 13-25 mm (It.!.-1 in.) at 25-50 mm (1-2 in.)

designation 'C 'F 'C 'F 'C 'F

Lew-alley steels

1330 175-230 350-450 205-260 400-500 230-290 450-550
1340 205-260 400-500 260-315 50Q-600 315-370 600-700
4023 . ~O ~100 95-150 200-300 120-170 250-350
4028 95-150 200-300 120-175 250-350 205-260 400-500
4047 205-260 400-500 230-290 450-550 260-315 50Q-600
4118 95-150 200-300 175-230 350-450 205-260 400-500
4130 150-205 300-400 205-260 400-500 230-290 450-550
4140 175-230 350-450 230-290 450-550 290-345 55Q-650
4150 205-260 400-500 260-315 50Q-600 315-370 600-700
4320 95-150 200-300 175-230 350-450 205-260 400-500
4340 290-345 550-650 315-370 600-700 315-370 600-700
4620 ~40 ~100 95-150 200-300 120-175 250-350
4640 175-230 350-450 205-260 400-500 230-290 450-550
5120 ~O ~100 95-150 200-300 120-175 250-350
5145 205-260 400-500 230-290 450-550 260-315 500-600
8620 ~40 ~100 95-150 200-300 120-175 250-350
8630 95-150 200-300 120-175 250-350 175-230 350-450
8640 120-175 250-350 175-230 350-450 205-260 400-500

Ultra-high strength steels

AMS6434 175-230 350-450 230-290 450-550 260-315 50Q-600
300M 290-345 55Q-650 290-345 550-650 315-370 600-700
D-6a 230-290 450-550 260-315 50Q-600 290-345 55Q-650
H11mod 315-540 600-1000 315-540 600-1000 315-540 600-1000
H13 315-540 600-1000 315-540 600-1000 315-540 600-1000
HP9-4-20 (b) (b) (b) (b) (b) (b)
HP9-4-30 (b) (b) (b) (b) (b) (b)
AF1410 (b) (b) (b) (b) (b) (b)
HY-180 (b) (b) (b) (b) (b) (b)

(a) Data are for low-hydrogen welding processes and low-hydrogen filler metals. (b) Preheating not required
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Table A8 Recommended preheat andinterpass temperatures forselectedcarbon steels

Recommended welding condition
Minimum preheat and

AISI-SAE Interpass temperature Poolweld heat treatment
steel Carbon Thickness Low Other than Temperature Peening
opeclfl- range, range hydrogen low hydrogen Desirable range maybe
cations 'I'o(a) mm in. -c 'F 'C 'F or optional 'C 'F necessary

1008, Within $50 Q Ambienl(b) Ambienl(b) Optional 59Q-675 1100-1250
1010, specification >5010100 >2104 38 100 65 150 Optional 59Q-675 1100-1250 Yes
1011,
1012,
1013

1015, Within $50 Q Ambienl(b) Ambienl(b) Optional 59Q-675 1100-1250
1016 specification >5010100 >2104 38 100 93 200 Optional 59Q-675 1100-1250 Yes

1017, Within $50 Q Ambienl(b) Ambienl(b) Optional 59Q-675 1100-1250
1018, specification >5010100 >2104 38 100 121 250 Optional 59Q-675 1100-1250 Yes
1019

1020, Within $50 Q Ambienl(b) 38 100 Optional 59Q-675 1100-1250
1021, specification >5010100 >2104 93 200 149 300 Optional 59Q-675 1100-1250 Yes
1022,
1023

1024, 0.18-0.25 Q5 :51 Ambienl(b) 38 100 Optional 59Q-675 1100-1250
1027 >251050 >1102 38 100 93 200 Optional 59Q-675 1100-1250

>5010100 >2104 93 200 149 300 Optional 59Q-675 1100-1250 Yes
0.25-0.29 :513 :5Yz 10 50 65 150 Optional 59Q-675 1100-1250

>131025 >Yzlo 1 65 150 149 300 Optional 59Q-675 1100-1250
>251050 >1102 121 250 149 300 Optional 59Q-675 1100-1250
>5010100 >2104 149 300 177 350 Optional 59Q-675 1100-1250 Yes

1025 Within Q5 :51 Ambienl(b) Ambienl(b) Optional 59Q-675 1100-1250
specification >251050 >1102 Ambienl(b) 38 100 Optional 59Q-675 1100-1250

>5010100 >2104 38 100 93 200 Optional 59Q-675 1100-1250 Yes

1026, 0.25-0.30 Q5 :51 Ambienl(b) 38 100 Desirable 59Q-675 1100-1250
1029, >251050 >1102 38 100 93 200 Desirable 59Q-675 1100-1250 Yes
1030 >5010100 >2104 93 200 149 300 Desirable 59Q-675 1100-1250 Yes

0.31--{).34 :513 :5Yz Ambienl(b) 38 100 Desirable 59Q-675 1100-1250
>131025 >Yz101 38 100 93 200 Desirable 59Q-675 1100-1250
>251050 >1102 93 200 149 300 Desirable 59Q-675 1100-1250 Yes
>5010100 >2104 121 250 177 350 Desirable 59Q-675 1100-1250 Yes

1035, Within :513 :5Yz Ambienl(b) 38 100 Desirable 59Q-675 1100-1250
1037 specification >131025 >Yzlo1 38 100 93 200 Desirable 59Q-675 1100-1250

>251050 >1102 93 200 149 300 Desirable 59Q-675 1100-1250 Yes
>5010100 >2104 149 300 205 400 Desirable 59Q-675 1100-1250 Yes

1036, 0.3Q--{).35 :513 :5Yz 38 100 93 200 Desirable 59Q-675 1100-1250
1041 >131025 >Yzlo1 65 150 149 300 Desirable 59Q-675 1100-1250

>251050 >1102 121 250 149 300 Desirable 59Q-675 1100-1250 Yes
>5010100 >2104 149 300 177 350 Desirable 59Q-675 1100-1250 Yes

0.36--{).40 :513 :5Yz 65 150 93 200 Desirable 59Q-675 1100-1250
>131025 >tn 101 93 200 149 300 Desirable 59Q-675 1100-1250
>251050 >1102 149 300 177 350 Desirable 59Q-675 1100-1250 Yes
>5010100 >2104 177 350 205 400 Desirable 59Q-675 1100-1250 Yes

0.41--{).44 :513 :5tn 93 200 149 300 Desirable 59Q-675 1100-1250
>131025 >Yzlo1 149 300 177 350 Desirable 59Q-675 1100-1250
>251050 >1102 177 350 205 400 Desirable 59Q-675 1100-1250 Yes
>5010100 >2104 205 400 230 450 Desirable 59Q-675 1100-1250 Yes

(continued)

(a) Ranges are inclusive. (b) Ambienl above -12°C (10 OF). (c) Due 10lead content, manufacturing operations involving eleva led tem
peratures in the range of those encountered ingas culting or weldingshould be carried oulwith adequale ventilation. (d) Hold at tem
perature for 1 h after welding is compleled. Source: RD. Stout, Weldabilily DISteels, 41hed., Welding Research Council, 1987,p 420-426
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TableA8 Continued

Recommended welding condition
Minimum preheat and

AISI·SAH interpass temperature Postweld heat treatment
steel Carbon Thlckness Low Other than Temperature Peening
.pedli· range, range hydrogen low hydrogen Desirable range may be
cations %(0) mm In. 'C 'F 'C 'F or optional 'C 'F necessary

1038, 0.34-MO S13 SY2 38 100 93 200 Desirable 590-675 1100-1250
1039, >13 to 25 >Y2to1 93 200 149 300 Desirable 590-675 1100-1250
1040 >25 t050 >1102 121 250 177 350 Desirable 590-675 1100-1250 Yes

>50 to 100 >2t04 149 300 205 400 Desirable 590-675 1100-1250 Yes
0.41--n.44 S13 SY2 65 150 121 250 Desirable 590-675 1100-1250

>13 to 25 >Y2to1 93 200 149 300 Desirable 590-675 1100-1250
>25 to 50 >1102 149 300 177 350 Desirable 590-675 1100-1250 Yes
>50 to 100 >2t04 205 400 230 450 Desirable 590-675 1100-1250 Yes

1042, Within S13 SY2 93 200 149 300 Desirable 590-675 1100-1250 Yes
1043 specification >13 to 25 >Y2to1 121 250 149 300 Desirable 590-675 1100-1250 Yes

>25 to 50 >1102 149 300 177 350 Desirable 590-675 1100-1250 Yes
>50 to 100 >2t04 205 400 230 450 Desirable 590-675 1100-1250 Yes

1044, Within S13 SY2 149 300 177 350 Desirable 590-675 1100-1250 Yes
1045, specification >13 to 100 >Y2t04 205 400 230 450 Desirable 590-675 1100-1250 Yes
1046

1048, 0.43--n.50 $15 si 93 200 149 300 Desirable 590-675 1100-1250 Yes
1049, >25 to 50 >1102 149 300 177 350 Desirable 590-675 1100-1250 Yes
1050, >50 to 100 >2t04 205 400 230 450 Desirable 590-675 1100-1250 Yes
1052,
1053

1108, Within SSO $1 Ambient(b) Not recom- Optional 590-675 1100-1250
1109, specification mended
1110 >50 to 100 >2t04 38 100 Not recom- Optional 590-675 1100-1250 Yes

mended

1116, Within $15 Sl Ambient(b) Notrecom- Optional 590-675 1100-1250
1117, specification mended
1118, >25 to 100 >1104 93 200 Not recom- Optional 590-675 1100-1250 Yes
1119 mended

1132, 0.27--n.30 S13 SY2 10 50 Notrecom- Optional 590-675 1100-1250
1137, mended
1139, >13 to 25 >Y2to1 38 100 Notrecom- Desirable 590-675 1100-1250
1140, mended
1141, >25 to 50 >1102 93 200 Notrecom- Desirable 590-675 1100-1250 Yes
1144, mended
1145, >50 to 100 >2t04 121 250 Not recom- Desirable 590-675 1100-1250 Yes
1146, mended
1151 0.31--n.35 s13 SY2 38 100 Notrecom- Desirable 590-675 1100-1250

mended
>13 to 25 >Y2to1 65 150 Notrecom- Optional 590-675 1100-1250

mended
>25 to 50 >1102 121 250 Notrecom- Desirable 590-675 1100-1250 Yes

mended
>50 to 100 >2t04 149 300 Notrecom- Desirable 590-675 1100-1250 Yes

mended
0.36--n.40 S13 SY2 65 150 Notrecom- Desirable 590-675 1100-1250

mended
>13 to 25 >Y2to1 93 200 Notrecom- Desirable 590-675 1100-1250

mended
>25 to 100 >1104 149 300 Notrecom- Desirable 590-675 1100-1250 Yes

mended

(continuedJ

(a) Ranges are inclusive. (b) Ambient above -12°C (10OF). (c) Due to lead content, manufacturing operations involving elevated tem-
peratures in the range of those encountered in gas cutting or weldingshould be carried outwith adequate ventilation. (d) Hold at tem-
perature for 1h after welding is completed. Source: RD. Stout, Weldability ofSteels, 4th ed., WeldingResearchCouncil, 1987,p 420-426
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TableA8 Continued

Recommended welding condition
MInimum preheal and

AISI-SAE Interpass temperature Poslweld heat treatment
steel Carbon Thickness Low Otherlhan Temperatwe Peening
specifi- range, range hydrogen low hydrogen Desirable range maybe
cations 'Yo(a) mm In. -c 'F 'C OF or optional °C OF necessary

1132, 0.41-1).45 a13 ";¥Z 93 200 Notrecom- Desirable 59Q-675 1100-1250
1137, mended
1139, >13 to 25 >¥Z to 1 149 300 Notrecom- Desirable 59Q-675 1100-1250
1140, mended
1141, >25 to 100 >lt04 177 350 Notrecom- Desirable 59Q-675 1100-1250 Yes
1144, mended
1145, 0.45-{).50 ,.;13 ,.;Yl 149 300 Notrecom- Desirable 59Q-675 1100-1250
1146, mended
1151 >13 to 25 >Ylto 1 205 400 Notrecom- Desirable 59Q-675 1100-1250

mended
>25 to 100 >1t04 230 450 Notrecom- Optional 59Q-675 1100-1250 Yes

mended

1211, Within ,.;sO $2 Ambient(b) Notrecom- Optional 59Q-675 1100-1250
1212, specifica tion mended
1213, >50 to 100 >2t04 38 100 Notrecom- Optional 59Q-675 1100-1250 Yes
1215, mended
B1111,
B1112,
Bl113

12L13(c), Within ,.;sO $2 Ambient(b) Notrecom- Optional 59Q-675 1100-1250
12L14 specification mended
(c) >50 to 100 >2t04 38 100 Notrecom- Optional 59Q-675 1100-1250 Yes

mended

1330, 0.27--n.33 ,.;13 ";¥Z 121 250 Notrecom- Desirable 550-565 1025-1050
1335, mended
1340, >13 to 25 >¥Zto1 149 300 Notrecom- Desirable 550-565 1025-1050
1345 mended

>25 to 50 >1t02 177 350 Notrecom- Desirable 550-565 1025-1050 Yes
mended

0.33--n.38 ",13 "'¥Z 149 300 Notrecom- Desirable 550-565 1025-1050
mended

>13 to 25 >¥Zto 1 205 400 Notrecom- Desirable 550-565 1025-1050
mended

>25t050 >1 t02 205 400 Notrecom- Desirable 550-565 1025-1050 Yes
mended

0.3s--n.43 ",13 "'¥Z 177 350 Notrecom- Desirable 550-565 1025-1050
mended

>13 to 25 >¥Zto 1 230 450 Notrecom- Desirable 550-565 1025-1050
mended

>25 to 50 >1t02 290(d) 550(d) Notrecom- Desirable 550-565 1025-1050 Yes
mended

0.43--n.49 "'13 ";¥Z 205 400 Notrecom- Desirable 550-565 1025-1050
mended

>13 to 25 >¥Z to1 260(d) 500 Notrecom- Desirable 550-565 1025-1050
mended

>25 to 50 >1t02 315 600(d) Notrecom- Desirable 550-565 1025-1050 Yes
mended

1513, SO.20 $25 "'I Ambient(b) Ambient(b) Optional 59Q-675 1100-1250
1518, >25 to 50 >1t02 Ambient(b) 38 100 Optional 59Q-675 1100-1250
1522, >50 to 100 >2t04 38 100 93 200 Optional 59Q-675 1100-1250 Yes
1525 0.21--n.25 S25 "'I Ambient(b) 38 100 Optional 59Q-675 1100-1250

>25 to 50 >1t02 38 100 93 200 Optional 59Q-675 1100-1250
>50 to 100 >2t04 93 200 149 300 Optional 59Q-675 1100-1250 Yes

(continued)

(a) Ranges are inclusive. (b) Ambient above-12°C (10OF). (c) Due to lead content, manufacturing operations involvlng elevated tem-
peratures in the range of those encountered in gas cutting or weldingshould be carried outwith adequate ventilation. (d) Hold at tem-
perature for 1h after welding is completed. Source: R.D. Stout, Weldability ofSteels, 4th ed., Welding ResearchCouncil, 1987,p 420-426
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TableA8 Continued

Recommendedwelding condillon
Minimumpreheat and

AISI·SAB interpass temperature Postweldheal treatmenl
steel Carbon Thickness Low Other than Temperature Peening
speclfi· range, range hydrogen low hydrogen Desirable range maybe
catiaM %la) mm in. °C OF °C of oropllonal °C of necessary

1513, 0.26-0.29 a13 $~ 10 50 65 150 Optional 590-675 1100-1250
1518, >13 to 25 >~ to1 65 150 149 300 Optional 590-675 1100-1250
1522, >25 to 50 >1102 1165 250 149 300 Optional 590-675 1100-1250
1525 >50 to 100 >2t04 149 300 177 350 Optional 590-675 1100-1250 Yes

1524, $0.25 $25 $1 10 50 38 100 Optional 590-675 1100-1250
1526, >25 to 50 >1102 38 100 93 200 Optional 590-675 1100-1250
1527 >50 to 100 >2t04 93 200 149 300 Optional 590-675 1100-1250 Yes

0.26-0.29 $25 $1 65 150 121 250 Desirable 590-675 1100-1250
>25 to 50 >1102 121 250 149 300 Desirable 590-675 1100-1250
>50 to 100 >2t04 149 300 177 350 Desirable 590-675 1100-1250 Yes

1536, $0.35 $13 $~ 38 100 93 200 Desirable 590-675 1100-1250
1541 >13 to 25 $~ to1 65 150 149 300 Desirable 590-675 1100-1250

>25 to 50 >1102 121 250 149 300 Desirable 590-675 1100-1250 Yes
>50 to 100 >2t04 149 300 177 350 Desirable 590-675 1100-1250 Yes

0.36-0.40 $13 $~ 65 150 93 200 Desirable 590-675 1100-1250
>13 to 25 >112 to1 93 200 149 300 Desirable 590-675 1100-1250
>25 to 50 >1102 149 300 177 350 Desirable 590-675 1100-1250 Yes
>50 to 100 >2t04 177 350 205 400 Desirable 590-675 1100-1250 Yes

0.41--0.44 $13 $112 93 200 149 300 Desirable 590-675 1100-1250 Yes
>13 to 25 >~ to1 149 300 177 350 Desirable 590-675 1100-1250
>25t050 >lt02 177 350 205 400 Desirable 590-675 1100-1250 Yes
>50 to 100 >2t04 205 400 230 450 Desirable 590-675 1100-1250 Yes

1547, 0.43--0.52 $13 $~ 149 300 177 350 Desirable 590-675 1100-1250
1548 >13 to100 >~ t04 205 400 230 450 Desirable 590-675 1100-1250 Yes

(a) Ranges are inclusive. (b) Ambient above -12 DC (10 OF). (c) Due to lead content, manufacturing operations involving elevated tem-
peratures in the range of those encountered in gas cutling or weldingshould be carried out with adequate ventilation. (d) Hold at tem-
perature for 1 h after welding is completed. Source: R.D. Stout, Weldability of Steels, 4th ed., Welding Research Council, 1987, p 420-
426
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Qualification Codes and Standards

WELDING CODES AND STANDARDS usu
ally require the qualification of welding proce
dures prior to being used in production to ensure
that welds will meet the minimum quality and
mechanical property requirements for the appli
cation. This article provides an overview of weld
ing procedure qualification guidelines and test
methods. The reader is referred to codes, stand
ards, and specifications that govern the design
and fabrication of welded structures for the pro
cedure qualification details that are appropriate
for the given application.

Some of the most widely recognized codes,
standards, and specifications that cover welding
procedure qualification include:

Section IXof the American Society of Mechani
cal Engineers (ASME)Boiler and Pressure Vessel
Code

American National Standards Institute/
American Welding Society (ANSI!AWS)
B2.l, Standard for Welding Procedure and
Performance Qualification
"Standard Methods for MechanicalTesting of
Welds," ANSI/AWSB4.0,AWS
ANSI/AWS Dl.l, Structural Welding Code
For Steel
ANSI!AWS 01.2, Structural Welding Code
For Aluminum
ANSI/AWS 01.3, Structural Welding Code
For Sheet Steel
ANSI!AWSD1.5,Bridge Welding Code
ANSI/AWS D1.4, Structural Welding Code
for Reinforcing Steel
'Welding and Brazing Procedure and Per
formance Qualification," MIL-SID 248, U.S.
Department of the Navy
Welding and Brazing Qualifications, "Boiler
and Pressure Vessel Code," ANSI!ASME
BPV-IX, ASME
American Petroleum Institute (API) 1104,
Standard for Welding Pipelines and Related
Facilities
Industrial specifications, such as ANSI/AWS
D14.1, Specification for Welding Industrial
and Mill Cranes and Other Material Handling
Equipment; ANSI!AWS 014.3, Specification
for Welding Earthmoving and Construction
Equipment; ANSI/AWS 014.5, Specification
for Welding of Presses and Press Compo
nents; ANSI! AWS D14.6, Specification for
Welding Rotating Elements of Equipment;
and ANSI!AWS 015.1, Railroad Welding
Specification

Procedure qualification is an important part of
any total weld quality management program, be
cause it confirms that the welding procedure will
meet the mechanical design requirements. There
fore, some form of welding procedure qualifica
tion should be performed for all critical welding
operations, regardless of whether the application
is covered by a code or standard.

Limitations on Procedure Qualification

A new welding procedure must be qualified if
it differs significantly from another procedure
that has already been qualified. The application
range of a welding procedure qualification is de
termined by placing limits on the welding vari
ables specified in a welding procedure. Codes
define these limiting variables as "essential vari
ables," because the welding procedure specifica
tion (WPS) must be requalified if the values are
changed so that they exceed the specified limits.

Supplementary essential variables are the vari
ables that affect notch toughness. Supplementary
variables become essential variables when notch
toughness tests are required.

Nonessential variables are the remaining vari
ables that are contained in the WPS, but that can
be changed without requiring requalification. An
essential variable for one process may be nones
sential for another process.

Although there are differences in how codes
and standards define essential variables, the vari
ables described below are considered to be essen
tial by most codes and standards.

Welding Process. A change of welding process
will require requalification, because the process
has a significant effect on the mechanical proper
ties and metallurgical structure of the weld.

Base Metal. Changing from one type of base
metal to another can affect weldability, as well as
the metallurgical and mechanical properties of
the weld. For certain welding processes, changes
in base metals also can cause differences in pene
tration and weld fusion characteristics. There
fore, significant changes in base-metal type, com
position, heat treatment, or processing will
require requalification.

Some codes require separate welding proce
dure qualifications for pipe and plate. Although
a procedure qualification on pipe may also cover
plate, a procedure qualification on plate might be
restricted to the welding of large-diameter pipes.



Base-metal thickness influences cooling rate
and, therefore, metallurgical and mechanical
properties. The composition of a metal may also
change with thickness. Some codes require quali
fication on the exact thickness of metal that is to
be used for production welds. Other codes re
quire qualification on the thinnest and thickest
metals that are used in production. Most codes
permit qualification on one thickness of test
specimen to cover a range of base-metal thick
nesses.

Codes often group together those base metals
thathave similar weldability characteristics, met
allurgical properties, chemical compositions, or
mechanical properties. The grouping of base
metals reduces the number of required qualifica
tions by allowing the qualification of one of the
materials in the group to qualify the other base
metals in that group.

Filler Metal. Codes group filler metals and
welding electrodes with similar chemical compo
sitions and operating characteristics together.
Grouping reduces the number of tests by allow
ing the qualification of one of the filler metals in
the group to also qualify the others in that group.
Ferrous filler metals can be grouped by both
chemical composition and usability. The addi
tion or deletion of a consumable insert is an es
sential variable.

Position is not an essential variable for all
codes and specifications, which may allow quali
fication in one position to cover qualification in
another position. For example, qualification in
the horizontal position may also qualify for the
flat position.

Joint design is an essential variable for some
codes, but not for others. Weld joint design
should be an essential variable for processes in
which joint changes affect metallurgical struc
tures and weld properties. These processes in
clude stud, laser-beam, electron-beam, and fric
tion welding.

Electrical Characteristics. Variations in the
type of welding current (alternating or direct, for
arc welds) or in polarity normally require re
qualification. A small change in welding current
or voltage does not typically require requalifica
tion. Many codes limit changes to ±10%from the
mean value, without necessitating requalifica
tion. The use of current pulsation and the pulse
parameters may be essential variables. For exam
ple, beam current or beam power are essential
variables for both laser- and electron-beamweld
ing.

Shielding. The use and the composition of a
shielding gas are essential variables for arc weld
ing, friction welding, and laser-beam welding
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processes. An essential variable for electron
beam welding is the use of a vacuum.

Preheat and Interpass Temperatures. Signifi
cant changes in preheat or interpass tempera
tures will affect properties and, therefore, will
require requalification. Codes and standards dif
fer on the size of the change in temperature that
is permitted. Some codes limit changes to a maxi
mum of 14°C (25 OF), whereas others permit an
increase or decrease of up to 56 °C (100OF) before
requalification is required.

Postweld Heat Treatment. The use of post
weld heat treatment, as well as changes in the
postweld heat-treatment temperature or time at
temperature, will require requalification, Stand
ards that specify postweld heat treatment for
steel welds include:

ASME VIll, Division I, Sections UW and
UC56
ASME/ANSI B31.1, Chapter V, Sections 131,
132,330,and 331
British specification BS2633, Sections 18 and
22

Other variables that affect the soundness, met
allurgical structure, or mechanical properties of
the weld are essential variables. These variables
depend on the welding process being used. Ex
amples of other essential variables include:

Changes in mean travel speed of more than
10%
Changing from a stringer to a weave bead, or
changing the direction of welding for vertical
arc welding procedures
Changes in electrode composition or configu
ration for resistance welding
Changes in filament type, size, or shape, and
in gun-to-work distance for electron-beam
welding
Changes in focal length, focus position, or
spot size for laser-beam welding
Changes in energy, applied loads, or the
amount of upset for friction welding

Guide Books on Weld Qualification

Codes and standards can be difficult to inter
pret. The following two guide books are good
references that can complement the ASME codes
on weld qualification:

Michael J. Houle, Practical Guide toASME Sec
tionIX, Welding Qualifications, CASTIPublish
ing Inc., 1996
R. Chuse and B. Carson, Pressure Vessels: The
ASME Code Simplified, McGraw-Hill, 1993
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